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L4OP AMP APPLICATIONS SEMINAR 


Many of the figures presented in this seminar book have been extracted from the 
following Analog Devices publication: 


Op Amp Applications 
Walter G. Jung 
Analog Devices, 2002 


A reference to the appropriate chapters in the above book is given underneath 
the slides in this book where appropriate. 
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. Specialty Amplifiers, Using Op Amps with 
Data Converters 


. Hardware and Housekeeping Design Techniques 


. Signal Amplifiers, Sensor Signal Conditioning 


C2 OP AMP APPLICATIONS SEMINAR 


HISTORY, BASICS, DESIGN AIDS, FILTERS 


HAROLD BLACK'S FEEDBACK AMPLIFIER 
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Harold S. Black, “Stabilized Feedback Amplifiers," 
Bell System Technical Journal, Vol. 13, No. 1, January 1934 
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SCHEMATIC DIAGRAM FOR "SUMMING AMPLIFIER" 
(US PATENT 2,401,779, ASSIGNED TO BELL TELEPHONE LABORATORIES, INC.) 





7, ay, a wa 
ta a a Le tm 
26 
-350V | +350V -135V +250V 
L 
~ jas Ut 
K. D. Swartzel, Jr., "Summing Amplifier," US Patent 2,401,779, 
filed May 1, 1941, issued July 11, 1946 
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SCHEMATIC DIAGRAM OF LATE M9 SYSTEM OP AMP DESIGNED AT 
BELL TELEPHONE LABORATORIES (1941-1945) 


+350V ©) 
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6SL7 | Vout 
S @ 
Vin 
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300Q 
2000Q 
-350V ©) () -190V 
12000 
a8 
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THE GAP/R K2-W OP AMP, PHOTO AND SCHEMATIC DIAGRAM 
(COURTESY OF GAP/R ALUMNUS DAN SHEINGOLD) 






8355037 


ay Ow 
+ -300 GND OUT +300 
IN VOC (REF) voc 


RELEASED JANUARY, 1953 


Op Amp Applications, Chapter H : 


1.4 


HISTORY, BASICS, DESIGN AIDS, FILTERS 


THE GAP/R MODEL PP65 POTTED MODULE 
SOLID-STATE OP AMP (1962) 
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THE ADI HOS-050 HIGH SPEED HYBRID IC OP AMP 
PHOTO AND SCHEMATIC DIAGRAM (1977) 


TO-8 PACKAGE BRO) ne Soe eee SS ae neea 1 
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Q13 
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R16 
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CR1, 
CR2 
1N3600 





Q11 
2N3906 











11 Transistors s O GND 


16 Chip resistors 2N2222 
4 Chip capacitors - 
2 Zener diodes 5600 


2N3904 





R13 
2702 


33 Components 


More than 60 wirebonds 
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THE vA709 MONOLITHIC IC OP AMP (1965) 
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+4V, O 
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THE LM101 MONOLITHIC IC OP AMP (1967) 


Balance/ 
Comp 





5© Balance 940 gg A 
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THE nA741 MONOLITHIC IC OP AMP (1968) 
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3 OUTPUT 
INPUTS | | | | é 
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THE OP07 MONOLITHIC IC OP AMP (1975) 





(+) OQ 


INPUTS 


*NOTE: 
R2A AND R2B ARE ELECTRONICALLY ADJUSTED ON CHIP AT FACTORY 
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THE AD503 AND AD506 TWO CHIP HYBRID IC OP AMPS 
(1970) 


TRIM RESISTOR 


INPUT DUAL 
FET 


OUTPUT AMPLIFIER 
TRIM RESISTOR = 
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KEY ADI IC FET OP AMP CHRONOLOGY 


@ AD542, 1978, Low offset (500pV) trimmed precision JFET 

@ AD544, 1980, Medium speed (8V/us) trimmed JFET | 

@ AD547, 1982, High precision JFET trimmed offset (250yV) and drift 
(1pV/°C) | | 

© AD711/712/713-family, 1986, low cost, general purpose, medium 
precision JFET 

@ AD515, 1976, two chip electrometer amplifier (75fA) 

@ AD545, 1978, two chip electrometer amplifier (1pA) 

@ AD549, 1987, monolithic electrometer amplifier (60fA) 

@ AD795, 1993, monolithic electrometer amplifier (1pA) 

@ AD743/745, 1990, monolithic JFETS, 1.9nV/VHz voltage noise 

@ AD820/822/824, 1993, JFETs, single-supply, rail-to-rail output 
(3 to 36V supply) 

@ AD823, 1995, JFET, single-supply, rail-to-rail output (3 to 36V supply), 
high speed 

® AD8610/8620, 2002, precision, low noise, high speed JFET 

@ AD8065/8066/8067, AD8033/8034, 2002, high speed FastFET™ 
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KEY ADI HIGH SPEED COMPLEMENTARY 
BIPOLAR OP AMPS 


@ AD840-series, 1988, high speed voltage feedback op amps 

@ AD846, 1988, high speed, current feedback op amp 

@ AD847, 1988, high speed, capacitive load stable 

@ AD829, 1990, high speed, decompensated 

@ AD9617/9618, 1990, high speed, low distortion current feedback 
@ AD811, 1992, high speed, high speed, low distortion, video line driver 
@ AD9631/9632, 1994, high speed, low distortion 

@ AD8001, 1994, 800MHz current feedback, first XFCB op amp 

@ AD8011, 1994, 1mA, 300mHz, current feedback, low distortion 
@ AD8009, 1997, 1GHz current feedback 

@ AD8038/8039, 2002, 350MHz, 1mA/amplifier supply 

@ AD8021, 2002, 200MHz, 16-bit, low noise (2.1nV/VHz) 
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VOLTAGE FEEDBACK (VFB) OP AMP MODEL 





VIN A(s) = OPEN LOOP GAIN 
Vout 
R2 
1+ R1 
1 R2 
af te] 
R2 
1 
" * Als) 6 
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GAIN-BANDWIDTH PRODUCT 
FOR VOLTAGE FEEDBACK OP AMPS 


GAIN 
dB OPEN LOOP GAIN, A(s) 
IF GAIN BANDWIDTH PRODUCT = X 
THEN Y : fo, =X 








fol => 
NOISE GAIN = Y ales 
serene te oe \. WHERE fg, = CLOSED-LOOP 
Ye1+7 ! BANDWIDTH 


LOG f 


fo 
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CURRENT FEEDBACK (CFB) OP AMP MODEL 






T(s) = TRANSIMPEDANCE OPEN LOOP GAIN 





Vout 
R2 
4+ Re 
Vout R1 
aks 
N44 BRL, , Roy Ro 
T(s) R1 R2 


a ASSUME Ro << R1, AND R1 < R2, THEN 








R2 

4 +4 

VouT _ Ri 
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FREQUENCY RESPONSE 
FOR CURRENT FEEDBACK OP AMPS 


GAIN 
= G1-f, # G2-f, 


LOG f 





@ Feedback resistor fixed for optimum 
performance. Larger values reduce bandwidth, 
smaller values may cause instability. 


@ For fixed feedback resistor, changing gain has 
little effect on bandwidth. 


@ Current feedback op amps do not have a fixed 
gain-bandwidth product. 
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SIMPLIFIED CURRENT FEEDBACK (CFB) OP AMP 
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A 1937 VACUUM TUBE AMPLIFIER DESIGNED BY FREDERICK E. TERMAN USING 
CURRENT FEEDBACK TO THE LOW IMPEDANCE INPUT CATHODE 


O) 
R2 Vout 
T1 T2 
VIN _] 
0 a ae 
2. 
R1 

\V/ O \/ © 
+V +V 

Adapted from: Frederick E. Terman, "Feedback Amplifier Design," 

Electronics, January 1937, pp. 12-15, 50. 
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A1941 VACUUM TUBE AMPLIFIER 
WITH CURRENT FEEDBACK 


Voltage output 


+ bets 
— 





Current output 


FEEDBACK RESISTOR (R2) Adapted from: Stewart E. Miller, “Sensitive DC 
(151kQ) Amplifier with AC Operation," Electronics, 
November 1941, pp. 27-31, 105-109 
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A 1941 CIRCUIT SHOWS CHARACTERISTIC 
CFB GAIN - BANDWIDTH RELATIONSHIP 


~‘ 
™ See 6dB / OCTAVE (20dB / REVOVE) SLOPE 


a ee SCORE 7 a ee 
sO ea ae ae ew | 


Pig ES 
ne 


bade Sean eH cS mv. sensitivit hee 
ae ee 
























| Note: All response curves 
: are constant frorn 
: a ae ti ee [i eeeme fo arelt caren | | 


700: Ike oe ue 
vache ga: | 
Adapted from: Stewart E. Miller, "Sensitive DC Amplifier with AC Oponation® 
Electronics, November 1941, pp. 27-31, 105-109 








Amplifier Gain — Decibels +20 log ca 
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BIPOLAR TRANSISTOR INPUT STAGE 


ViN 
@ Low Offset: As low as 10uV @ High Bias Currents: 50nA - 10UA 
@ Low Offset Drift: As low as @ (Except Super-Beta: 50pA - 5nA, More 
0.1uV/°C Complex and Slower) 


@ Temperature Stable I, 
@ Well-Matched Bias Currents 


@ Low Voltage Noise: As low as 
1nV/VHz 


@ Medium Current Noise: 1pA/VHz 


Matching source impedances minimize 
offset error due to bias current 
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BIAS-CURRENT COMPENSATED 
BIPOLAR INPUT STAGE 


VIN 


@ Low Offset Voltage: As low as 
10uV 


@ Low Offset Drift: As low as 
0.1uV/°C 


@ Temperature Stable |,;., 


@ Low Bias Currents: <0.5 -10nA 


Low Voltage Noise: As low as 
1nVIVHz 
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Poor Bias Current Match 
(Currents May Even Flow in 
Opposite Directions) 


@ Higher Current Noise 


@ Not Very Useful at HF 


Matching source impedances 
makes offset error due to bias 
current worse because of 
additional impedance 
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OP497 OP AMP USES SUPER-BETA TRANSISTORS 
AND BIAS CURRENT COMPENSATION 
+Vs O 
4 ayes 
7 a 
vena AE 
_ (Sane mS . 
Pen 2 es ae Taf 
ri les 
Vs C 
| INPUT VOLTAGE NOISE = 15nV/VHz 
INPUT CURRENT NOISE = 20fA/VHz 


= SUPERBETA 







OUTPUT 
& 
; i 
2 a eee 
BIAS CURRENT FOR OP497F = +150pA MAX @ +25°C 
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SINGLE-SUPPLY OP AMPS 


@ Single Supply Offers: 
@® Lower Power 
® Battery Operated Portable Equipment 
@® Requires Only One Voltage 


@ Design Tradeoffs: 

@® Reduced Signal Swing Increases Sensitivity to Errors 
Caused by Offset Voltage, Bias Current, Finite Open- 
Loop Gain, Noise, etc. 

@ Must Usually Share Noisy Digital Supply 

@ Rail-to-Rail Input and Output Needed to Increase Signal 
Swing 

@ Precision Less than the best Dual Supply Op Amps 
but not Required for All Applications 

@ Many Op Amps Specified for Single Supply, but do not 
have Rail-to-Rail Inputs or Outputs 
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PNP OR N-CHANNEL JFET STAGES ALLOW 
INPUT SIGNAL TO GO TO THE NEGATIVE RAIL 
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TRUE RAIL-TO-RAIL INPUT STAGE 
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TRADITIONAL OUTPUT STAGES 
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"ALMOST" RAIL-TO-RAIL OUTPUT STRUCTURES 





SWINGS LIMITED BY SWINGS LIMITED BY 
SATURATION VOLTAGE FET "ON" RESISTANCE 
Op Amp Applications, Chapter 1 1.29 


1.29 


44 OP AMP APPLICATIONS SEMINAR 


AD8531/8532/8534 CMOS RAIL-TO-RAIL OP AMP 
SIMPLIFIED SCHEMATIC | | 


V+ 
Q mA Dom 
. 


rane 
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AD8602 (1/2) CMOS OP AMP SHOWING DigiTrim™ 


@ 
@ 
i 
[FUSE | HIGH LOW 
CM CM 
, TRIM TRIM 
| CLOCK 
DATA IN 
TRIM DATA 
ae i. 
FUSE ARRAY |_| Vos HIGH 
TRIM DAC 
| N 
FUSE ARRAY |>~—| Vos LOW 
TRIM DAC 
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SUMMARY OF TRIM PROCESSES AT ANALOG DEVICES 


PROCESS TRIMMED AT: SPECIAL PROCESSING | RESOLUTION 


DigiTrim™ | Wafer or Final Test | None Discrete 
Laser Trim | Wafer Thin Film Resistor Continuous 


Link Trim | Water Thin Film or Poly Resistor Discrete 


EEPROM Trim Wafer or Final Test EEPROM Discrete 
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PRECISION OP AMP (OP177F) DC ERROR BUDGET 


MAXIMUM ERROR CONTRIBUTION, + 25°C 
FULLSCALE: V,,\=100mV, Voy7 = 10V 











AvoL 
Nonlinearity 100 x 0.07ppm 
0.1Hz to 10Hz 
1/f Noise 200nV + 100mV 


SPECS @ +25°C: 






Vos = 25y"V max Total 
= Unadjusted 
los = 1.5nA max aeaaaa = 12 Bits Accurate |280.5ppm 


Ayo. = 5*10° min 
Ayo, Nonlinearity = 0.07ppm 
0.1Hz to 10Hz Noise = 200nV 


Resolution 
Error = 17 Bits Accurate 
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PRECISION SINGLE-SUPPLY OP AMP 
PERFORMANCE CHARACTERISTICS 


LISTED IN ORDER OF INCREASING SUPPLY CURRENT 


ls5y/AMP 
PARTNO. | Vgg max} Vog TC |Avoimin | NOISE (1kHz} INPUT] OUTPUT] Sy, 


ms [awe | maori [ an mm [ om 
opi77F (#1sv) | 25uv | otuvrc| SM | tonviHiz | N/A | N/A | 2000uA 


a ee NOTE: Unless Otherwise Stated 
JFET INPUT CMOS Specifications are Typical @ +25°C 
Vy = +5V 
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MODERN CHOPPER STABILIZED AMPLIFIER 


—IN O 
VouT 
©) 
+IN O NULL 
S = SAMPLE 
— oh Z = AUTO-ZERO 
O 
O 
C2 Z 
S Z 
O) O) 
NULL 
@ 
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INTERMODULATION PRODUCTS: 
FIXED VERSUS PSEUDORANDOM CHOPPING FREQUENCY 


AD8551/52/54 AD8571/72/74 
FIXED CHOPPING FREQUENCY: PSEUDORANDOM CHOPPING FREQ: 
4kHz 2kHz - 4kHz 


OUTPUT SIGNAL 


Ce 
iidlcatnes 
LN 


4 
FREQUENCY — kHz aREGUENCY. ae 





INPUT SIGNAL = 1mV RMS, 200Hz 
OUTPUT SIGNAL: 1V RMS, 200Hz 
GAIN = 60dB 
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VOLTAGE NOISE SPECTRAL DENSITY COMPARISON: 
FIXED VERSUS PSEUDORANDOM CHOPPING FREQUENCY 


AD8551/52/54 AD8571/72/74 
FIXED CHOPPING FREQUENCY: PSEUDORANDOM CHOPPING FREQUENCY 
4kHz 2kHz - 4kHz 


Pf age 





Rg = 00 





FREQUENCY — kHz FREQUENCY ~ kHz 
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NOISE: BIPOLAR VERSUS CHOPPER AMPLIFIER 


INPUT VOLTAGE NOISE, nV / VHz 


30 : 80 : 
Bipolar: OP177 Chopper: AD8571 
25 sadaad +" Raanaiuacieaie sadesateastonstaveatee weetenitetii roeutatncaabatuecusctevadsstasstaees 70 i 
20 pw 1/F CORNER .... 60 
f Fo =0.7Hz 
15 booe \ ee, See 2 ES athee lettds casei : Bedi ata ial 50 


Vnw (WHITE) an 





5 30 
0.1 1 10 100 0.01 0.1 1 10 
FREQUENCY (Hz) FREQUENCY (Hz) 
NOISE BW BIPOLAR (OP177) CHOPPER (AD8571/72/74) 

0.1Hz to 10Hz 0.238yuV p-p 1.3 pV p-p 

0.01Hz to 1Hz 0.135yV p-p 0.41uV p-p 

_0.001Hz to 0.1Hz 0.120uV p-p 0.130uUV p-p 

0.0001Hz to 0.01Hz 0.118uV p-p 0.042uV p-p 
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OP AMP PROCESS TECHNOLOGY SUMMARY 


@ BIPOLAR (NPN-BASED): This is Where it All Started!! 


» 


BIPOLAR + JFET (BiFET): High Input Impedance, High Speed 
@ COMPLEMENTARY BIPOLAR + JFET (CBFET): High Input Impedance, 
Rail-to-Rail Output, High Speed 


@ DIELECTRICALLY ISOLATED COMPLEMENTARY BIPOLAR + JFET 
(XFCB, FastFET™) 


@ COMPLEMENTARY MOSFET (CMOS): Low Cost Op Amps 
(ADI DigiTrim™ Minimizes Offset Voltage and Drift in CMOS op amps) 


@ BIPOLAR (NPN) + CMOS (BiCMOS): Bipolar Input Stage adds Linearity, 
Low Power, Rail-to-Rail Output 


@ COMPLEMENTARY BIPOLAR + CMOS (CBCMOS): Rail-to-Rail Inputs, 
Rail-to-Rail Outputs, Good Linearity, Low Power, Higher Cost | 
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AMPLIFIER BANDWIDTH VERSUS SUPPLY 
CURRENT FOR ANALOG DEVICES' PROCESSES 


3000 


p 
ow @AD8007 
1000 o\ 2: 2 © 
¢G AD8009 
‘N 300 go 
r rm 
= gc D811 
= 400 AD8031 . 
a n @ AD817 
i 
> N\ sis 
a 30 g.® 
= G 
mM 
10 
“\ ear 
: OPp482 ore AD712, OP249 
@ 741 
0.3 1 3 10 30 
SUPPLY CURRENT (PER AMPLIFIER), mA 
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FOLDED CASCODE SIMPLIFIED CIRCUIT 


V5 


2l 2iT OC 
T ee ce ty COMP 
ly —_—___> 


Q3 Q4 


) + 


VBIA 
: x1 O 


: CSTRAY 
CO) 
Q5 AC GROUND 
a () 
T aa 
Vs 


Op Amp Applications, Chapter 1 1.41 


1.41 


C7 OP AMP APPLICATIONS SEMINAR 


MODEL AND BODE PLOT FOR A VFB OP AMP 


i=vegm 
+ 
¥ O 
a | 
Cc 
Vin Z 


Rr 


NOISE GAIN = G 
V R2 
=1+ —— 
R1 R2 R1 
Ao o O~ 2nRtTCp 
Sees Eg OM 


2nC p 









6dB/OCTAVE 





atu 
G 


f., = CLOSED LOOP BANDWIDTH 
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"QUAD-CORE" VFB gm STAGE FOR 
CURRENT-ON-DEMAND 


ra. 
oe 
Cp4 


a 


Cp2 


“Vs ee 
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AD8061/62/63 SINGLE-SUPPLY 300MHz 
VOLTAGE FEEDBACK OP AMP 


| ul 
R16” 
9002 9002 
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AD8061 OUTPUT SETTLING TIME 
G = +2, V, = +5V 


Vs =5V 
Ry = 1kO 





SETTLING TIME TO 0.1% 





20ns/DIV 


Op Amp Applications, Chapter 1 1.45 


1.45 


4 OP AMP APPLICATIONS SEMINAR 


AD8061 OUTPUT RESPONSE 
G = +2, V, = +5V 


RAIL-TO-RAIL OUTPUT STEP OUTPUT 


ee 
G=2 

FEET Tene 

Cee ae 














ms 
(A Se ee 


ee 
| 0.5V 
ovl/ | | | NY. 
2us / DIV 5ns / DIV 
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SIMPLIFIED CURRENT FEEDBACK (CFB) OP AMP 


Vy 
a too 
Q3 
ry L _ 
3 x1 S 
1. @ 
W ‘ Cp ra 
© - 
y| 
Vs 
- R2 
V/ 
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CFB OP AMP MODEL AND BODE PLOT 


VIN 
WZ Op Rr aa > —_ 
Ro 
é eZ R2 


R1 








v | fo ; 
RT feL Ro. Ro 
2nR2Cp (1 aa as ) 
IT(s)| 1 ean 
2) “  2nR2Cp sR << Rt 
Ro << R2 
R2 
\\12dB/OCTAVE 
RO] SS ee a ea 
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SIMPLIFIED TWO-STAGE CFB OP AMP 


Vo. 
© 
Q3 
Q1 
ei, Cc/2 
6 & 
+ é X1 
V Cc/2 


Q2 C, 
Q4 


NOTE: BIAS CIRCUITRY OMITTED 


Op Amp Applications, Chapter 1 1.49 


C4 OP AMP APPLICATIONS SEMINAR 


RAY STATA PUBLICATIONS 
ESTABLISH ADI APPLICATIONS WORK 





SS 


Ray Stata, “Operational Amplifiers-Parts | and II," Electromechanical Design, Sept., Nov., 1965. 


t 


2. Ray Stata, “Operational Integrators," Analog Dialogue, Vol. 1, No. 1, April, 1967. 
See also ADI AN357 
3. Ray Stata, “User's Guide to Applying and Measuring Operational Amplifier Specifications," 
Analog Dialogue, Vol. 1, No. 3, September 1967. See also ADI AN356. 
4. Ray Stata, "Applications Manual for 201, 202, 203 and 210 Chopper Op Amps," ADI, 1967. 
5. “Ray Stata Speaks Out on 'What's Wrong with Op Amp Specs',” EEE, July 1968. 
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ADI APPLICATIONS: 2002 
http:/www.analog.com 


@ Analog Dialogue 

@ Application Notes, Article Reprints 
White Papers 

Tutorials 

Product Selection Guides 

CD ROM Catalog | 

Short Form Designers’ Guide 

New Products Book 

ADI Technical Library 

Seminar Books on www: 

Practical Analog Design Techniques 
Power and Thermal Management 
High Speed Design Techniques 
Sensor Signal Conditioning 
Mixed-Signal and DSP Design Techniques 
@ 1-800-ANALOGD 


S i A A a a A Ad 
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ADI WEB-BASED INTERACTIVE DESIGN TOOLS 
http:/(www.analog.com/techSupport/DesignT ools/index.html 


@ Op Amp 
@ Gain/Range Error Calculator 
@ Error Budget Analysis 
@ In-Amp 
® Gain/Range Error Calculator | 
® Error Budget Analysis 
®@ Differential Amplifiers 
® Gain/Range Error Calculator 
®@ Ideal Single Pole Op Amp Stability Analysis 
@ Log Amp: Output Voltage and Impedance Matching 
@ ADC Tools 
© DAC/DDS/PLL Tools 
@ Accelerometer Tools 
® Transmission Line Matching Tutorial 
© Filter Design 
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OP AMP RANGE/GAIN/ERROR CALCULAT 





SELECT 
TOPOLOGY: 
INVERTING, 
NON-INVERTING 
SUBTRACTOR 
SUPPLY 
VOLTAGES 
INPUT 
DESIRED 
PARAMETERS 
CHANGE ERROR 
GAIN CONDITIONS 
FLAGGED 


(G =—5) 
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OP AMP RANGE/GAIN/ERROR CALCULATOR 





CONTINUED 
DECREASE 
GAIN 
(G — —4) 
S 


INCREASE 
SUPPLY VOLTAGES 


fe 
oe 
Pe. 


eer 


Boe 
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OP AMP ERROR BUDGET ANALYSIS 


Application Parameters 





Operating Temp., T, 


i 


Supply Variability 
(ripple+load reg.) 


Orift/Gain 
€cror 


Error Source Specification 


} 


zx 


Approx. Calculation 





Absolute 
Error 


FOR OP1177 


Error Source 


Bias Current, lp 
- Source Imbalance Error 


Bias Current Drift ly 
- Source Imbalance Drift 


Resolution 


Error Offset Current, Ip, 


- Source Imbalance Error + 





Resistor Tolerance 


71 


Resistor Drift, TC, 


B 
3 
3 
} 


Temp. difference, Tp, 


Nom. Open Loop Gain, Ag 


—_ 


ani 


00 


Min. Open Loop Gain 


3 
2 


Input Offset Voltage, ¥,q, 


Input Offset Voltage Drift, 
v 


Oo; © 
sy poo 


osi_tc uvrtc 


x 


° 
QO 


~ (4/2: noniny) TC, * Tope 


Vosi! (in Vrer) 


(2:1) Vag) te % Oe 
iwVrer? 


25) f 


[2000 ppm 


125 





ERROR OVER TEMPERATURE 


Source Resistance Error 


Offset Current Drift, log_te 


- Source Imbatance Drift + 
Source Resistance Drift 


Cominon Mode R 
CMR 


ejection, 


Power Supply Rejection, PSR }11 


Differential Gain Error 


Voltage noise 


Current noise 


Corner freq 


Specification 


[118 


Absolute 
Error 


Drift‘Gain 


Approx. Caiculation Error 


(lp! Vin Vrep)) * 

( Reli(RgtRg) (Re2tRey) ) 
(lp te % Ta 25)! ViyVper)) 
x 

(Relig ts.) - Roz*Reg)) 
(log! Min-Vrer)) * 
(3*RpllRg*Re.))- 
(ReptRg,) v2 


(log_te * Ta725)! Mie 
Veer) ) * 
(3*(RplIRg*Re))- 
(RgotRey) ¥2 


ppm 


8e-4 


10 SMRIZO x y ey y2 


[3.15e-9 npn 


10 PSR29 x SUP-VAR x 
Mo.-Ve.) 


Noise BY: 0.1 - 











Total resolution error 


Total drift ¢ gain error 


Total absolute + drift + resolution error 


ABSOLUTE ACCURACY 





RESOLUTION , 
ERROR © 


Resolution 
Error 
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AD623 SINGLE SUPPLY IN AMP RANGE/GAIN/ERROR 
CALCULATOR EXAMPLE 


Positive Supply 


Differential 
F Voltage 


Common 
F Mode Voltage 


F Reference 
Voltage 





ERROR 
CONDITIONS 
FLAGGED 







CHANGE 
COMMON-MODE 
VOLTAGE 


Differential 
Voltage 














Common 
Mode Vaitage 











Reference 
Voltage 





Negative Supply 
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AD623 ERROR BUDGET 


Application Parameters 






Differential Amplitude, Common Mode Vattage, 


VoirF mV Veonm 





















Effect on 
Absolute Effect on 

Accuracy Resolution 
at Temp. 


Error Source Specification Calculation 
Gain Operating Temperature, Ty 


Source 
Impedance 





Bias Current, | : 
Jp la * Re, - Re, )fV 
- Source Imbalance Error oper ley cere 27 ppm 


Bias Current Drift, ly +¢ [25 lp te * Rey Re) * Ty 


- Source Imbalance Drift pAS*C 25) ! Voice 


i) 

~ 

tn 
Ss 
> 












Effect on Offset Current, Ing or me a 
P 2 . Absolute Effect on - Source Resistance + ’ nA os S+ "Ss. DIFF 
Error Source Specification Catculation Accuracy Resolution ib Slance ERO . 


at Temp. 





De lea sce es esa se eg ata I ea ce 8 tse oa CA UreOt Pri lg.a6 [5.0 los To 7 MAX(Ry,.. Rg. )* 
- Source Resistance + ee (T p25} iM ee 
imbal Drift p 
Gain Error 5 % [3500 ppm ane ke! 







; . *(T . Common Mode Rejection, CMR/20 
Gain Drift, G,, ee Grp * 14-25) mee [77 dp 19 *Voomm 





Gain Nonlinearity 


{Vv 


Input Offset Voltage, Vp, y 


Ost" "DIFF 


Input Offset Voltage Drift, 
Vv 


7 TOTALS 
(Vostro! Youre) * T25) 
Osi_tc 


Output Offset Voltage, Vogg 1.1 Vaso i (GAIN *VoIFF ) 


Output Offset Voltage Drift, 0 (Voso_tc fC GAIN * Voice )) 
¥ 





oso_Tc uv ys °C * (T,-25) 


ABSOLUTE ACCURACY 
ERROR OVER TEMPERATURE 


RESOLUTION 
ERROR 
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AD8138 DIFFERENTIAL AMPLIFIER 
RANGE/GAIN/ERROR CALCULATOR 


Positive Supply 


Veps = 1.325 o% 


Negative Supply 














CHANGE 
COMMON-MODE 
VOLTAGE 


|Single-ended | Positive Supply gra ERhOr 
ee Xs Vv Update resistor values automatically y seperti ail 0 i r CON D ITIONS 
hg v Veps = 9.075 _ —" / FLAGGED 


Vp. Rat 










Qui OF Range! 





54.05405 onms Negative Supply (0 
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SINGLE-POLE OP AMP MODEL 
GAIN AND PHASE RESPONSE 


Vour Open ee vas AO: 1 00000 Ly 
Unity zn requncy io Feo: 








‘Oat ineadance am 00 — : 





ve aaneanarrnnsonaanganennahondoneMAMnn ann An AAG nanan anna ant AA 


Ra” t ohms. Rt ll fons ; ORL: fronoo + ohms = 


smart Nagnitud Response mam Phase Response 0 0 dB op gain eave) < i : : f DUE TO 








GpAmp Freq. Response | - : System Freq, Response 
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KEY FILTER PARAMETERS 
PASSBAND 
RIPPLE 
—4--  Amax 
3dB POINT 
OR 
CUTOFF FREQUENCY 
STOPBAND Fe 
ATTENUATION 
STOPBAND 
FREQUENCY 
Fs 
<————————- PASSBAND ———————> ] <> | 
STOP BAND 
TRANSITION 
BAND 
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ANTIALIASING FILTER DESIGN EXAMPLE 


@ An Antialiasing Filter will be Designed 

@ F,=8 kHz (3dB cutoff frequency) 
Ayn = 72 GB (equal to a 12 bit system) 
F, = 50 kSPS (stopband frequency) 


Butterworth Response (Best Combination of Attenuation and Phase 
Response) 


@ The Ratio of Fo/F, = 6.25 


@ Using the Graph in Figure 5-14, We Can Determine the Required Order 
of the Filter is 5 order. 


@ We Then Will Use ADI's Filter Design Tool to Determine the Component 
Values 


@ This is the First Example in Section 5-8 of Oo Amp Applications 
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DETERMINING FILTER ORDER 


it eo tints ed ; : a Wy. Be ye ats : ie PES LS | 
i ei i i a a a a '. ae. fat 90 9 HE es See “Ron 28 om ae ae 8 


ee a 


Te ee ee ec a a "cee Ager som, or. fs Be em: Fae eR Bor cee fate te. hs “oae “200, aoe pm gee Spe 


i ee ee ee 7. Be OO net A te 


RC OR OR + 


(ap) SSNOdS3u 


“8.0 10 






FREQUENCY (Hz) 
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FILTER DESIGN TOOL 





ADI Site Navigation 





Cy AMics é : | 3 | a aN eit = 


Home | Suy Gl { Order Samples § Technical Support > myAnalog — advanced Search > 





ADILHome > Technical Support > Interactive Design Toals > 


Interactive Design Tools 


Interactive Design Tools 
OpAmps : Active Filter Synthesis 


PROTOTYPE 


Instructions | Troubleshooting | Retated Information | Send this Link ta a Colleaque 
“# ued ee shoreline ey racine epee 


Buttenvorth 


SS 
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15™ SECTION DESIGN (SALLEN-KEY) 


ni 
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2ND SECTION DESIGN (SALLEN-KEY) 


x 
a 
S 


Cesk : oS 
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3RD SECTION DESIGN (SALLEN-KEY) 
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1587 SECTION WITH CLOSEST STANDARD VALUES 
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MAGNITUDE AND PHASE PLOTS 


j 


i vreanraunnnremanecantanwecananceencenieynnets, RON YANARI A BEAENCEEE 060.260 20 
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3 


i 
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z 
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FILTER DESIGN TOOL CAPABILITIES 


@ Up to 8th Order Filters 
@ Many Standard All-Pole Responses — and Elliptical 


Butterworth 
Bessel 
Chebyshev 
Equiripple 
Gaussian 


@ Lowpass, Highpass, Bandpass now 


Notch to be added 


@ Several Possible Topologies 


Sallen-Key 
Multiple Feedback 
State Variable 
Biquad 
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INDIVIDUAL SECTION RESPONSE 


a * 1.618 | 


vee TOTAL FILTER | 


RESPONSE (dB) 





FREQUENCY (kHz) 
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EFFECTS OF STANDARD VERSUS EXACT VALUES 


RESPONSE (dB) 





2.0 3.0 FREQUENCY (kHz) 40 20 


A= &=0.618 B= «= 0.618 C= %= 1.648 p= _%= 1.618 
REAL VALUES — CALC. VALUES REAL VALUES ~~ CALC. VALUES 

=. SINGLEPOLE -. SINGLEPOLE ,._ TOTAL FILTER . TOTAL FILTER 
REAL VALUES CALC. VALUES REAL VALUES CALC. VALUES 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


OP AMP APPLICATIONS 
SEMINAR 


. History, Basics, Design Aids, Filters 


. Specialty Amplifiers, Using Op Amps with 
Data Converters 


. Hardware and Housekeeping Design Techniques 


. Signal Amplifiers, Sensor Signal Conditioning 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


THE GENERIC INSTRUMENTATION AMPLIFIER 


(IN-AMP) 
2 
Rs/2 ARs 
Rg 
+ 
COMMON 
MODE (~) : 
VOLTAGE 
Vem ie IN-AMP 
GAIN=G 


+ 


(~) = VREF Vout 
; (~) - 
Rg/2 ! 

\ 


COMMON MODE ERROR (RTI) = 


— > © 


CM 
CMRR 
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OP AMP SUBTRACTOR 
OR DIFFERENCE AMPLIFIER 


R1 R2 


Vout 


O 


R2 
T+ Ry 
CMR = 20 logig 


Where Kr = Total Fractional 





Mismatch of R1/ R2 TO 
R2 R1'/R2' 
HM Vout = (V2-V4) Ry 
R2 _ R2' 
el R1 = Rq CRITICAL FOR HIGH CMR 
a EXTREMELY SENSITIVE TO SOURCE IMPEDANCE IMBALANCE 
bed 0.1% TOTAL MISMATCH YIELDS =~ 66dB CMR FOR R11 = R2 
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SSM2141/SSM2143 DIFFERENCE AMPLIFIERS 
(AUDIO LINE RECEIVERS) 


SSM2141 SSM2143 
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A CURRENT SENSING CIRCUIT USING THE AD629, A HIGH 
COMMON-MODE INPUT VOLTAGE DIFFERENCE AMPLIFIER 


R3 R4 
380k | 380k 
R1 
380k, 












e 
Ve 0.1pF 
: VV NC=NO CONNECT 
Vow = +270V for Vg = +15V 
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TWO OP AMP INSTRUMENTATION AMPLIFIER 


V> ( ) 
V 
v,¢ : ® 5 | OUT 
At 
Vv; R1' 
Li R4 V2 
R2' 
Re R2 | 2R2 
C R2 G=1*r1* R 
S87, R2 . 2R2 
© VrREF M Vout = (vay) | 14 Ri t “sl + Veer 
R2 . R2’ 
ce R1— Rt 
GAIN x 100 
H CMR< 20log 5 Si od 
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SINGLE SUPPLY RESTRICTIONS: 
Vs =+5V, G=2 





V5 () 
Vout 
Vv, 0 Von=4.9V o 
Vo, =0.1V | Voy=4.9V 
Vo, =0-1V 
® ki 
10kQ 
10kQ 10kQ 
R2 a 1 
40kQ ViMIN 2 Gc (G —1)Vo_ + Veer! > 1.3V 
VreF © 2.5V 
1 
—_ Vautv 
VReF = a = 2.5V 
Von — Vor 
Vo-Vilmax S$ — GS 24V 
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SINGLE SUPPLY RESTRICTIONS: 
Vs = +5V, G = 100 





V> & 
Vout 
V, @ VoH=4.9V = 
Vo. =0.1V Vou=4.9V 
Vo. =0.1V 
® ri 
R1 10kQ R2 
MN JN 
10kQ 990kQ 
R2 
1 
990k 2 VimIN? G (c — 1)Vo, + Vner > 0.124V 
VREF © 2.5V 
1 
BV, max CG (c — 1)Von + Vee < 4.876V 
_ VoytV 
Vrer = —O8{—SF = 2.5v ay 
MeN wax = OHS F< 0.048v 
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THE AD627 SINGLE-SUPPLY IN-AMP ARCHITECTURE 


Re 





100kQ 


O VReF YU -Vs 
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THREE OP AMP INSTRUMENTATION AMPLIFIER 





O 
; R3' 
Vsic (~) 
a 
Vom Vout 
‘i R3 
VY Vsig € VREF 
2 @ 
a R 2R1 
? M Vour = Vsic° a 1+ Re + VReEF 
7 _GAINx100_| @% ippo=r3 G=14 28! 
= CMR < 20log 5 MISMATCH j Re 
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ROBERT DEMROW'S 1968 "EVOLUTION FROM 
OPERATIONAL AMPLIFIER TO DATA AMPLIFIER" 





FIXED 20:1 GAIN 





—+——— VARIABLE I-~!00 GAIN —————» 


TEMPERATURE CONTROLLED 1v+ 

LAT26 GIVES 2uV/°C AND WY EXTERNAL GAIN 

S00@A/°C MAX VOLTAGE SELECTION me 
AND BIAS CURRENT ORIFT UNITY RESISTOR 

FROM --25°C TO +75°C GAl 


CM GAIN 


pie = ES oe 
“iN | 
ik [A726 
yt DUAL PAIR 
CMRR Is” | 
2Odb FOR | | 
1j000f. | > Vo 


SOURCE | { 
UNBALANCE +!0V 

20mA 
= cif 

{ 

ae | 

UNITY sla 

FEEDBACK BOOTSTRAPS CM GAIN DIFF AMPL 1S = 
INPUT IMPEDANCE TO DESIGNED FOR HIGH 
IOOO MEGOHMS Oy CMRR, LOW DRIFT 


AND FAST RESPONSE 
SHIELD DRIVE << 


MODEL 6OI WIDEBAND DIFFERENTIAL DC AMPLIFIER 


Fig. 16 - Wideband differential DC amplifier Model 601 embodies many of the principles 
outlined in this article. Input circuit based on uA726 temperature compensated mono- 
lithic pair provides high voltage & current stability, uses bootstrapping feedback to 
create 1000 megohms common mode and 10 megohms differential input impedance. Subse- 
quent circuitry preserves uA726's inherently-wide bandwidth by using low-value resis-~ 
tors, which also permit highest resistance stability, hense best long-term CMRR. 
Single resistor adjusts closed-loop gain from 20 to 2000; fixed first-stage gain of 
20:1 reduces second stage's gain-inequality error: CMRR,g = A/ (Ay ~ Ay), twentyfold. 
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AD524 RELEASED IN 1982 
SET THE STANDARD FOR IC IN-AMPS 


+Vo5 


©O SENSE 


OV 


O REFERENCE 


> +IN 





Scott Wurcer and Lewis Counts, "A Programmable Instrumentation Amplifier 


for 12-bit Resolution Systems," /EEE Journal Solid State Circuits, Vol. SC-17, No. 6 
December 1982, pp. 1102-1111. 
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AD620 IN-AMP SIMPLIFIED SCHEMATIC 
(RELEASED IN 1992) 
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AD620 IN-AMP CMR VERSUS FREQUENCY 
(1kQ SOURCE IMBALANCE) 


+160 








+140 


CMR — dB 
= 


oA 
LEU 


TEL PAL 
Ti VAL 





[VAL 
LETTE 


0.1 1 10 10k 100k 1M 


100 1k 
FREQUENCY — Hz 
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AD8225 PRECISION G = 5 IN-AMP SIMPLIFIED SCHEMATIC 





+Vo 
* 
+ 
INO © +IN 
fy 
e 
R1 —Vg Vig 
@ 
"' 
| D VREF 
15kQ 4 
@ 
V5 
O OUT 
fy 
@ 
Vs 
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AD8225 IN-AMP COMMON-MODE REJECTION 


130 













120 


110 


ot UT EE ETE EEE 
a eee ai tT | TT 
m 90 ol 
‘ ll 
x 80 
é 


° 70 


|} oT Ltt 
| | | tit ft | ee es a ee <r 
COAT PRCT 
CAL ALATA 
COPIA TNT 
30 

0 10 


100 1k 10k 100k 
FREQUENCY — Hz 


60 






50 


Corner Frequency of AD8225 10x Corner Frequency of AD620 
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EKG MONITOR FRONT END USING THE AD8225 IN-AMP 





o> : 
: G = 200 


os 19.6ko 30122 


* 
160 





AC 
GROUND L Y 
PIN 1 HAS NO INTERNAL . 
CONNECTION Spr , 
= G = 200 
* 1000 19.6kf 301f: 
/ 
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GENERALIZED BRIDGE AMPLIFIER 
USING AN IN-AMP 


VB 


R+AR a 
Rg 
R-AR 
R+AR 


VY 
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#Vo 
AR 
Your = vs | ~~ (LS 
IN AMP O 
+ “(REF Vout 
CD 
Vs 
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AD620B BRIDGE AMPLIFIER 
DC ERROR BUDGET 


MAXIMUM ERROR CONTRIBUTION, +25°C 
FULLSCALE: Vj, = 100mV, Voy7 = 10V 


; los 350 x 0.5nA+100mV| 1.8ppm 
Gain error | 0.15% | 4500ppm 


ihe 40ppm 40ppm 
Nonlinearity 


CMR Error 120dB 
1ppm x 5V + 100mV 
0.1Hz to 10Hz 
1/f Noise 280nV + 100mV 2.8ppm 















350Q, 100mV FS 
LOAD CELL 


AD620B SPECS @ +25°C, +15V 
Vos! + Voso/G = 55yV max 








los = 0.5nA max Total 
Gain Error = 0.15% Unadjusted ~ 9 Bits Accurate 
Gain Nonlinearity = 40ppm Error 
0.1Hz to 10Hz Noise = 280nVp-p Resolution 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


A PRECISION SINGLE-SUPPLY COMPOSITE 
IN-AMP WITH RAIL-TO-RAIL OUTPUT 





0.22uF 
10Hz 
NOISE 
FILTER 
75.0kQ 
R2 
Vout 
10mV TO 4.98V 
VREF 
+2.5V 
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THREE OP AMP IN-AMP 
SINGLE +5V SUPPLY RESTRICTIONS 


, &Vsic 


ra Vom 2 
R2' 


Vout 
O 
Voy=4.9V 
VoL=0.1V 


Vout = GVsic + Vrer 
R2 
O 





Me Veer = 2.5V 
Vom — 3 
= 2R1 
G = 1+ Ro 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


AD623 SINGLE-SUPPLY 
THREE OP-AMP IN-AMP ARCHITECTURE 


#V5 


+IN 


Q1 a> 
~% 50k 50k) 
> Oo OUTPUT 
6 


S0kQ 


O REF 
| 5 
od ES 
} 
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PGAs IN DATA ACQUISITION SYSTEMS 


> GAIN 
CONTROL 


SENSOR 


DIGITAL 
OUTPUT 





@ Used to increase the dynamic range of the system 


@ APGAwitha gain of 1 to 2 theoretically increases 
the dynamic range by 6dB. 


@ Again of 1 to 4 gives a 12dB increase, etc. 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


A POORLY DESIGNED PGA 


OV 
6250 1.43kQ | 3.33kQ | 10kQ eel 


\ G=16 \ G=8 \ G=4 \ G=2 






vy 


Gain accuracy limited by switch's on-resistance Roy 
and Roy modulation 


Ron typically 100 - 500Q for CMOS or JFET switch 
Even for Ron = 25Q, there is a 2.4% gain error for G = 16 
Ron drift over temperature limits accuracy 


¢$¢¢ ¢ 


Must use very low Roy switches (relays) 


Op Amp Applications, Chapter 2 2.23 


2.23 
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ALTERNATE PGA CONFIGURATION 
MINIMIZES THE EFFECTS OF Ron 


Vin 2 + 
YO Vout 
eats é 5000 
Bat 1kO 
1kQ 
wea 


@ Ron is not in series with gain setting resistors 

@ Ron is small compared to input impedance 

@ Only slight offset errors occur due to bias 
current flowing through the switches 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


A VERY LOW NOISE PGA USING 
THE AD797 AND THE ADG412 


Vin O | +15V 
1002 


C) 
Vout 


~15V 20pF 


a 


O) O— +5V 
1kQ 
~ =< : 
TTLGAIN | © @ > @ 10kQ 
CONTROL 
pi I ae 
aan ease Gnd 
i. @ G = 100 
7 
ADG412 112 
WV 
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AD7730 SIGMA-DELTA MEASUREMENT 
ADC WITH ON-CHIP PGA 


AVDD ae an has 
O) 


AD7730 
ao DETECT 
100nA ie aaa 


AIN1(-) SIGMA-DELTA ADC 


ares 
SIGMA- | |PROGRAMMABLE oo 
DELTA DIGITAL U SYNC 
MODULATOR FILTER 
——- 


eee 









AiN1(+) 


AIN2(-)/DO a MCLK IN 
SERIAL INTERFACE 
AND CONTROL LOGIC ©) MCLK OUT 
REGISTER BANK 
VBIAS O ) SCLK 
O cs 
CALIBRATION 
MICROCONTROLLER O DIN 
ACX O AC O) DOUT 
EXCITATION| Brrr rege nnn nnn nen n nner geen eens 
ACX () CLOCK 
AGND DGND POL RDY RESET 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


MOTOR CONTROL CURRENT SENSING 
USING AN ISOLATION AMPLIFIER 


HIGH VOLAGE 
AC INPUT < 2500V RMS 











* 
+ 
< 

O 
” 
” 


-Voss 
POWER 
OSCILLATOR 
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A TYPICAL SAMPLED DATA SYSTEM SHOWING 
APPLICATIONS OF OP AMPS 


| | | | ANALOG 





ANALOG 
INPUT OUTPUT 
LPF LPF 
> OR OR 
BPF BPF 
SAMPLED AND — fs RECONSTRUCTED 


QUANTIZED WAVEFORM WAVEFORM 





tettehd- 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


GENERAL OP AMP SELECTION CRITERIA 
FOR USE WITH DATA CONVERTERS 


@ The amplifier should not degrade the performance of the 
ADC/DAC 


@ AC specifications are usually the most important 
@® Noise 
® Bandwidth 
@ Distortion 


@ Selection based on op amp data sheet specifications difficult due 
to varying conditions in actual application circuit with ADC/DAC: 


@ Power supply voltage 
@ Signal range (differential and common-mode) 
@ Loading (static and dynamic) 
® Gain 
@ Parametric search engines may be useful 


@ ADC/DAC data sheets often recommend op amps (but may not 
include newly released products) 
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IDEAL N-BIT ADC QUANTIZATION NOISE 








DIGITAL 
CODE 
OUTPUT 


ANALOG 


INPUT 
a 
q=1LSB 
ERROR ee 
At b Yb pe 


RMS ERROR = q/V12 


SNR = 6.02N + 1.76dB + 109 FOR FS SINEWAVE 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


EFFECT OF INPUT-REFERRED NOISE 
ON ADC "GROUNDED INPUT" HISTOGRAM 


P-P INPUT NOISE NUMBER OF 
OCCURANCES 
= 6.6 x RMS NOISE 





n n+1 n+3 n+4 


OUTPUT CODE 
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NOISE CALCULATIONS FOR AD8038 OP AMP 
DRIVING AD9225 12-BIT, 25MSPS ADC 


12-bit ADC 





, pais to a er 
Noise Bandwidth = 1.57 « onmRO 50MHz 


AD8038 OP AMP SPECIFICATIONS AD9225 ADC SPECIFICATIONS 













@ Effective Input Noise = 166yV rms 
@ Small Signal Input BW = 105MHz 


@ Input Voltage Noise = 8nV/V Hz 
@ Closed-Loop Bandwidth =350MHz 






AD8038 Output Noise Spectral Density = 8nV/V Hz 


Viaj= 8nV/V Hz °\V50MHz = 56yV rms 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


POSITIONING THE ANTIALIASING FILTER TO 
REDUCE THE EFFECTS OF THE OP AMP NOISE 


fFILTER 


AMP NOISE INTEGRATED 
OVER fc. OR fapc: 
WHICHEVER IS LESS 


~ AMP NOISE INTEGRATED 
OVER FILTER BW, frei, TER 





IN GENERAL, fFiILTER < s << fapc < fo. 
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POPULAR CONVERTER DYNAMIC 
PERFORMANCE SPECIFICATIONS 





© Signal-to-Noise-and-Distortion Ratio (SINAD, or S/N +D) 
© Effective Number of Bits (ENOB) 

® Signal-to-Noise Ratio (SNR) 

Analog Bandwidth (Full-Power, Small-Signal) 





Harmonic Distortion 





® Worst Harmonic 

@ Total Harmonic Distortion (THD) 

© Total Harmonic Distortion Plus Noise (THD + N) 
@ Spurious Free Dynamic Range (SFDR) 

® Two-Tone Intermodulation Distortion 








Multi-tone Intermodulation Distortion 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


TEST SETUPS FOR MEASURING 
ADC AND DAC PERFORMANCE 


| BUFFER DSP 
SIGNAL Ane MEMORY | /) wy DoINT 
GEN. M teas 
SAMPLES 






Resolution 
=f M 


‘fs 
2 
ANALOG 
DAC SPECTRUM 
ANALYZER 
f 
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SINAD, ENOB, AND SNR DEFINITIONS 


@ SINAD (Signal-to-Noise-and-Distortion Ratio): 
® The ratio of the rms signal amplitude to the mean value of the 
root-sum-squares (RSS) of ali other spectral components, 
including harmonics, but excluding DC. 


@ ENOB (Effective Number of Bits): 
SINAD — 1.76dB 
6.02 


ENOB = 


@ SNR (Signal-to-Noise Ratio, or Signal-to-Noise Ratio Without 
Harmonics: 


@ The ratio of the rms signal amplitude to the mean value of the 
root-sum-squares (RSS) of all other spectral components, 
excluding the first 5 harmonics and DC 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


AD9220 12-BIT, 1OMSPS ADC SINAD AND ENOB 
FOR VARIOUS INPUT SIGNAL LEVELS 










: A 7 
75 12.2 
TTT 
70 -— —— 11.3 
SINAD [6.04 OdB SN me Bill ENOB 
(dB) 65_-+—_ a 10.5 
60 9.7 
55 8.8 
50 8.0 
45 7.2 
40 6.3 
0.1 10.0 
ANALOG INPUT ane (MHz) 
Op Amp Applications, Chapter 3 2.37 


2.37 
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SPURIOUS FREE DYNAMIC RANGE (SFDR) 


FULL SCALE (FS) 


INPUT SIGNAL LEVEL (CARRIER) | 
SFDR (dBFS) 
SFDR (dBc) 
dB 
Se eV nh Cep e eeNe  eee 
FREQUENCY ve 
2 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


SOME GENERAL OP AMP REQUIREMENTS 
IN ADC DRIVER APPLICATIONS 


@ Minimize degradation of ADC / DAC performance specifications 
®@ Fast settling to ADC/DAC transient 

@ High bandwidth 

@ Low noise 

@ Low distortion 

@ Low power 


@ Note: Op amp performance must be measured under identical 
conditions as encountered in ADC / DAC application 


Gain setting resistors 

Input source impedance, output load impedance 
Input / output signal voltage range 

Input signal frequency 

Input / output common-mode level 

Power supply voltage (single or dual supply) 
Transient loading 
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KEY DC AND AC OP AMP SPECIFICATIONS 


S 


@®@e@e¢¢e00 


FOR ADC APPLICATIONS 


C 


Offset, offset drift 

Input bias current 

Open loop gain 

Integral linearity 

1/f noise (voltage and current) 


@ AC (Highly application dependent!) 


Wideband noise (voltage and current) 

Small and Large Signal Bandwidth 
Harmonic Distortion 

Total Harmonic Distortion (THD) 

Total Harmonic Distortion + Noise (THD + N) 
Spurious Free Dynamic Range (SFDR) 

Third Order Intermodulation Distortion 
Third Order Intercept Point 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


KEY SPECIFICATIONS FOR THE 
AD8057/8058 OP AMP, G = +1 








Input Common Mode Voltage Range 
Output Common Mode Voltage Range 





—4.0V to +4.0V 
—4.0V to +4.0V 


+0.9V to +3.4V 
+0.9V to +4.1V 


Input Voltage Noise 


7nVINHz 7nV/VHz 
Small Signal Bandwidth 325MHz 300MHz 
THD @ SMHZ, Vo = 2V p-p, Ry = 1kQ — 85dBc — 75dBc 
THD @ 20MHz, Vo = 2V p-p, R, = 1kQ — 62dBc — 54dBc 
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AD8057/8058 OP AMP DISTORTION VS. FREQUENCY 
FOR G = +1, Vo = £5V, Vo = 2Vp-p, R, = 1500 





FREQUENCY — MHz 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


AD8057/8058 OP AMP DISTORTION VS. 
OUTPUT SIGNAL LEVEL FOR G = #1, Vg = £5V, R,; = 1500 


DISTORTION — dBc 





—80 
0.0 04 Q8 £1.2 16 2.0 24 28 32 3.6 4.0 
Vout — V p-p 
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CHARACTERISTICS OF AD77XX-FAMILY HIGH RESOLUTION 


¢¢o 0 ¢ 


SIGMA-DELTA MEASUREMENT ADCs 


Resolution: 16 - 24 bits 

Input signal bandwidth: <60Hz 

Effective sampling rate: <100Hz 

Generally Sigma-Delta architecture 

Designed to interface directly to sensors (< 1 kQ) such as bridges with 

no external buffer amplifier (e.g., AD77XX - series) 

® On-chip PGA and high resolution ADC eliminates the need for 
external amplifier 


® If buffer is used, it should be precision low noise (especially 1/f noise) 
® OP1177 
@® OP177 
@® AD797 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


DRIVING UNBUFFERED 
AD77XX-SERIES XA ADC INPUTS 


SWITCHING FREQ 


Rext Rint DEPENDS ON fg) xij AND GAIN 
e oR 
HIGH 
7kQ 1 IMPEDANCE 
> 1GQ 
(~) VsouRCE 
SINT AD77XX-Series 
b % Lie (WITHOUT BUFFER) 
a Reyt Increases C),7 Charge Time and May Result in Gain Error 
Mi Charge Time Dependent on the Input Sampling Rate and Internal 


PGA Gain Setting 


M@ Refer to Specific Data Sheet for Allowable Values of Rey7 to 
Maintain Desired Accuracy 


Hl Some AD77XX-Series ADCs Have Internal Buffering Which Isolates 
Input from Switching Circuits | 
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MULTIPLEXED DATA ACQUISITION SYSTEM 
REQUIRES FAST SETTLING OP AMP BUFFER 





CHANNEL o 
ADDRESS 
ADDRESS 
CLOCK © REGISTER SETTLING TIME TO 1 LSB 
fy < 1/f 
ADDRESS 2 
DECODER 
, fs 
OP AMP 
© 
CHANNEL 1 BUFFER 
@ 
3 ADC 
‘ N-BITS 
CHANNELM O ! 
CH 2 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


DRIVING SINGLE-SUPPLY DATA ACQUISITION 
ADCs WITH SCALED INPUTS 


+5V 
( ) co Sek aes aaa as a ce, 


+2.5V 
AD7890-10 


12-BITS, 8-CHANNEL 





2kQ 
REFOUT/ ¢ : 
REFIN +2.5V TO ADC REF CIRCUITS 
Se 
R2 
S VINX R1 7.5kKQ TO MUX, SHA, ETC. 
é 
any R3 OV TO +2.5V 
(~) Vs 10kQ 
R1, R2, R3 ARE AGND 
Sy RATIO-TRIMMED SV 
THIN FILM RESISTORS 
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AD9042 12-BIT, 41MSPS ADC IS DESIGNED TO BE DRIVEN 
DIRECTLY FROM 50Q SOURCE WITH NO EXTERNAL OP AMP 


AD9042 Released in 1995, 
Breakthrough in SFDR Performance 


FROM 50Q INPUT = 
SOURCE 1V p-p 


O) 


61.9Q 


5S0Q 


” 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
0) VOFFSET 
| 
| 
| 
| +2. 4V REF. 
| 
| 
| 
| 
ie 
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ADCs WITH BUFFERED DIFFERENTIAL INPUTS 





Input buffers typical on BiIMOS and bipolar processes 
Difficult on CMOS 

Simplified input interface - no transient currents 
Fixed common-mode level may limit flexibility 


5 
o 
® 
o 
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SIMPLIFIED INPUT CIRCUIT FOR A TYPICAL SWITCHED 
CAPACITOR CMOS SAMPLE-AND-HOLD 


VINA 


VINB op oH 


SWITCHES SHOWN IN TRACK MODE 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


SINGLE-ENDED INPUT TRANSIENTS ON THE 
AD9225 12-BIT, 25MSPS CMOS ADC 


@ Hold-to-Sample Mode Transition- C, Returned to Source for “recharging”. 
Transient Consists of Linear, Nonlinear, and Common-Mode Components at 
Sample Rate . 

@ Sample-to-Hold Mode Transition- Input Signal Sampled when C, is 
disconnected from Source. 


_ Hold-to-Sample 





_ Mode Transition 


Sample-to-Hold 
Mode Transition 
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| OPTIMIZING A SINGLE-ENDED 
SWITCHED CAPACITOR ADC INPUT DRIVE CIRCUIT 





AD922X 


ued ha ail 
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DC COUPLED SINGLE-ENDED LEVEL SHIFTER AND DRIVER 
FOR THE AD9225 12-BIT, 25MSPS CMOS ADC 


+5V 
+5V 


INPUT 1kQ / ~ 
: os 330 AD9225 
+2V 5 e 
52.3Q ; VINA 


100pDF 
Pi! 


+2.0V 
eee 


ae Oo VREF 
+ 

1kQ ; 7 0.1nF sat ed 

33Q 

\W-*-¢ VINB 

100pF L o 

Vv 
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DIRECT-COUPLED SINGLE-SUPPLY LEVEL 
SHIFTER FOR DRIVING AD922X ADC INPUT 


1kQ 


| +2.5V —/+1V +5V 
INPUT 1kQ * = 
_¢ . _ AD922X 
+1V AD8061 


V 
52.30 7 INA 










© VINB 


100pF 


10uUF 0.1p if 
V if ‘ a v 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


SINGLE-ENDED (A) AND DIFFERENTIAL (B) INPUT TRANSIENTS OF 
AD9225 12-BIT, 25MSPS CMOS SWITCHED CAPACITOR ADC 





A:25.0ns | 
@: -301.5ns - 


7 AD 25.0ns 







(A) (B) | 


evaed freefreefeeadveeabeederabeeabneefrnefneefnsnbssefuenfenefrerfecafernfecaftenbecatorrafoenfeeeerigerfeeedoorieeefondueeaeeeiceefnrsfosefeeeiecefueacfoy Vfoveabevsobecerbocenbove 





soomva M2s.ons Chis 24svf00 Po ena s00mVG MM 25.0ns ‘Chit’ 2.45 VV) 





@ Differential charge transient is symmetrical around mid-scale and 
dominated by linear component 


@ Common-mode transients cancel with equal source impedance 
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TRANSFORMER COUPLING INTOA 
DIFFERENTIAL INPUT ADC 


+5V 





RF TRANSFORMER: 
MINI-CIRCUITS T4-6T O 
1:2 Turns Ratio 330 AD922X 
C) 
VINA 
2002 
°VINB 
+2.5V 
CML 


ve 
\/ 
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OP AMP SINGLE-ENDED TO DIFFERENTIAL 
DC COUPLED DRIVER WITH LEVEL SHIFTING 


1kQ 


+1V +/-—0.5V 


INPUT 


+2.0V +/-1V 











1kQ 
AD922X 
VINA 
100pF Set for 4 Volt p-p 
x Differential 
<t VVV Input Span 
 1kQ 1kQ 33Q \ pure 
O Vins 
1kQ +2.0V —/+1V 


mT 


“412 oe 
' 2 AD8058 
Noise Gain = +2 A2 
+ 
VREF 


\J 1kQ 1kQ 10uF i 0.1pF 
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AD813X DIFFERENTIAL ADC DRIVER 
FUNCTIONAL DIAGRAM AND EQUIVALENT CIRCUIT 


Vout- 


VoutT+ 





(B) 


VoutT- 


VouT+ 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


SINGLE-SUPPLY DIFFERENTIAL DRIVER CIRCUIT USING THE 
AD8132 AMPLIFIER AND THE AD9203 10-BIT, 40MSPS ADC 


+3V 










0.1pF 





v 





0.1 "tL i 
Vin 10kQ +1.5V —/+0.25V 
AD9203 
é 
“ 
Y Aw. 
ae. 5V AD8132 20pF Set for 1V p-p 
49.90 
Vv Differential 
10kQ oon 49.90 Input Span 
523Q 






0.1pF 
i, 


WY 


+0.75V + /-—0.125V 
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‘ie v Ain+ 
20pF 


+1 | +1.5v +/—0.25V | 0.25V 
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AD8138 DRIVING AD9226 12-BIT, 65MSPS CMOS ADC 
IN DIRECT-COUPLED SINGLE-SUPPLY APPLICATION 


10pF 
5V 
0.1pF a — 
: O.1pF | | nD He 


1kQ 1kO 7 0.1 pF 










an... “ EC 
VINA 
7 CAPT 
ape226 | TOF Lye 


A SCCAPB 


4990 
SET FOR 1V P-P DIFFERENTIAL INPUT SPAN V 
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AD8138 DRIVING AD9226 ADC 
1V DIFFERENTIAL INPUT SPAN, f, = 65MSPS 


FFT 
AIN = -0.5 dBFS @ 30 MHz 










































































SAMPLING RATE: 65MSPS : fae nearness 
INPUT FREQ: 30MHz ic a T iad [ a a z 
SINAD: 65.7dBFS| (ae ee) 
SNR: 67.1dBFS ae a. Td ie | 
HD2: -78.4dBc | ~*~. a oa eee eee 
HD3: -71.6dBc {J H 
THD: 71.1dBFS lhl ll 
SFDR: 71.6dBFS | i li ae 
0 4 8 12 16 20 24 28 32 
INPUTFREQUENCY (MHz) 
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AD8&351 LOW DISTORTION DIFFERENTIAL 
RF/IF AMPLIFIER APPLICATION 


+5V 
O4LF on, al 
AD6645 
(~) 14-BIT 
105MSPS 
O.1NF 450 ADC 





AD8351 KEY FEATURES 
® 3dB Bandwidth: 2.2GHz for gain of 12dB 
@ Slew rate: 11,000V/us 
® Single resistor programmable gain, 0dB to 30dB 
@ Input noise: 2.3nV/VHz 
® Single supply: 3.3 to 5.5V 
@ Adjustable output common-mode voltage 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


AD8351 DIFFERENTIAL ADC DRIVER 
PERFORMANCE WITH AD6645 ADC 


SAMPLING RATE: 80MSPS| ~ | } © poset Gee a eee aap 

INPUT FREQ: 6sMHz; | 

SNR: 64.88 re eee 

HD2: UGG Ct sao eecaceceplhadtececeetseasanntllintMan ce ba ents detden gad since aes aasin aunt core Sends 

HD3: HOTU C 4 0 iextes ecard erica cueewt ceed el on oan esas arene ea ee 
2 3 


THD: —/6dBc 
SFDR: 78dBc 








0 10 20 30 
INPUT FREQUENCY (MHz) 
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A TRUE 16-BIT ADC REQUIRES 
A TRUE 16-BIT DRIVER 















& 
49.90 
V AD7677 
16-BIT 
AD8021 LPF CUTOFF 1MSPS ADC 


Vy = 2.1nV/VHz = 4MHz 





INPUT BW 
= 16MHz 









+2.5V REF | 
| +2.5V to 0 
5900 
= Lb | 
0.1 pF 
5900 
0.1pF 0.1pF 
elo DO = +2.5V REF 
Y, nes 
NOISE DUE TO DRIVERS AD7677 EQUIVALENT 
~ 0.13 LSB RMS INPUT NOISE = 0.35 LSB RMS 
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2.64 


SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


SAR ADCs PRESENT A DYNAMIC TRANSIENT 
LOAD TO THE REFERENCE 


START 


CONVERT \ 


Ca=1yF —> BR 








SCOPE TOP TRACE VERTICAL SCALE: 5Vidiv. 
ALL OTHER VERTICAL SCALES: 5mVidiv. 
HORIZONTAL SCALE: 1us/div. 


START CONVERT 
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42 OP AMP APPLICATIONS SEMINAR 


BUFFERING DAC OUTPUTS USING OP AMPS 


(A) 





(B) (C) 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


GENERALIZED MODEL OF A HIGH SPEED DAC OUTPUT 
SUCH AS THE AD976X AND AD977X SERIES 


lout 








lout 





@ Irs 2 - 20mA typical 

® Bipolar or BiCMOS DACs sink current, Roy7z < 500Q 

@ CMOS DACs source current, Roytz > 100kQ 

@ Output compliance voltage < +1V for best performance 
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2.67 


4 OP AMP APPLICATIONS SEMINAR 


DIFFERENTIAL TRANSFORMER COUPLING 


MINI-CIRCUITS 
T1-1T 





———_> 
0 TO 20mA 


Rioap 
= 500 


—_» 
20 TO OmA Se 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


DIFFERENTIAL DC COUPLED USING 
A DUAL SUPPLY OP AMP 


1kQ 






——> 
0 TO 20mA 
OV TO +0.5V 








lour 


CMOS 


DAC CFILTER 


500Q 








20 TOOmA 
+0.5V TO OV 





1kQ 


1 


Ne = 
2x ° 502° Cru tER 
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12 OP AMP APPLICATIONS SEMINAR 


DIFFERENTIAL DC COUPLED W/ SINGLE SUPPLY OP AMP 











1kQ 
—»> 
0 TO 20mA ae 
OV TO +0.5V : + BV 
uy £1V 
AD8061 O 
CMOS 
DAC y 
lour O-——=> : to 
20 TO OmA : 2kQ 
+0.5V TO OV 250 2kO 
7 7 1k | \ 7 
f5qp = 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


SINGLE-ENDED CURRENT-TO-VOLTAGE 
OP AMP INTERFACE 










‘Macias 
0TO 10mA 


lout 
AD768 


0 TO +2.0V 
<q———_— 
RpacllCpac 


fu = Op Amp Unity 


Gain-Bandwidth Product 


R Cc +C 
For Rpac ~ Remake Cp~ Dac (Coac * Cw) 


Re 
For Rpac >> Re, make Ce ~ | / Coac * Cin 
2n Re fu 
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COP AMP APPLICATIONS SEMINAR 


BUFFERING HIGH-SPEED DACs USING 
AD813X DIFFERENTIAL AMPLIFIER 


2.49kQ 






—> 
0 TO 20mA 

0 TO +0.5V 
& 







4990 





SV p-p 
DIFFERENTIAL 
OUTPUT 
———P 
20 TO OmA 
+0.5 TO 0V 
Vocm 
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SPECIALTY AMPLIFIERS, USING OP AMPS WITH DATA CONVERTERS 


A 75kHz 4-POLE GAUSSIAN ACTIVE FILTER FOR 
BUFFERING THE OUTPUT OF THE AD1853 STEREO DAC 


FROM 330pF 
AD1853 


4.12kO NOTE: ONLY RIGHT CHANNEL SHOWN 
DAC 


ROUT+ 


C) 220pF 
OmA 
TO +1.5mA 


RIGHT 
CHANNEL 
U2A 604Q OUTPUT 


4/2 @ 


VREF 
+2.75V 
C) 


49.9kQ 
~15V 2.2nF 





ROUT- 


—O ~ 2.74kQ 220pF VY 


+1.5mA 
TO OmA 


330pF ea 
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11 OP AMP APPLICATIONS SEMINAR 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


OP AMP APPLICATIONS 
SEMINAR 


. History, Basics, Design Aids, Filters 


. Specialty Amplifiers, Using Op Amps with 
Data Converters 


. Hardware and Housekeeping Design Techniques 


. Signal Amplifiers, Sensor Signal Conditioning 


COP AMP APPLICATIONS SEMINAR 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


WIRE AND STRIP INDUCTANCE CALCULATIONS 


2L 
WIRE INDUCTANCE = 0.00021 | In (=)- 0.75 | uk 


EXAMPLE: 1cm of 0.5mm o.d. wire has an inductance of 7.26nH 
(2R = 0.5mm, L = 1cm) 


<—_$_—_—_—_ 1. —————— __} 


Ya 7, 


Ww, H 


"a 


2L W+H 
STRIP INDUCTANCE = 0.0002L |In (w+H) * 0.2235 ( “Lt 0.5| LH 


EXAMPLE: 1cm of 0.25 mm PC track has an inductance of 9.59 nH 
(H = 0.038mm, W = 0.25mm, L = 1cm) 
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3.1 


C4 OP AMP APPLICATIONS SEMINAR 


NONIDEAL AND IMPROVED SIGNAL TRACE ROUTING 


NONIDEAL SIGNAL TRACE ROUTING 
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3.2 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


BASIC PRINCIPLES OF INDUCTIVE COUPLING 





INTERFERENCE CIRCUIT SIGNAL CIRCUIT 
NOISE 
SOURCE INDUCED 
(fy) VOLTAGE 
| INTERFERENCE SIGNAL 
LOOP LOOP 
B 
M = MUTUAL INDUCTANCE 
B = MAGNETIC REFLUX DENSITY 
A = AREA OF SIGNAL LOOP 
®y = 2nfy = FREQUENCY OF NOISE SOURCE 
V =INDUCED VOLTAGE = a Ml, = @AB 
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C4OP AMP APPLICATIONS SEMINAR 


PROPER SIGNAL ROUTING AND 
LAYOUT CAN REDUCE INDUCTIVE COUPLING 


| Z1 
wid 


V 


v2) 


Z2 
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3.4 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


MUTUAL INDUCTANCE AND COUPLING 
WITHIN SIGNAL CABLING 


Qua CSC 
Q{ sonauwer SSO) 
Of _sewaunes———————SS—~«*) 
OQ] sawaunes SS SSS~«S 
(3 A 0 













{WA FP 
od 








SIGNAL 1 


——— ie — > —_— a —> 
— = rT S— «RETUANI 
a — =. == SIGNAL2 
LINE 2 oe < Se eS ie <a Ge i‘ 
ce sr = S— «ORETURN2 
—e —e —> —_—> 
ues te eee ria aad SIGNAL 3 
Ws + 
RETURN 3 


poh SIGNAL 4 
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@ FLAT RIBBON CABLE WITH SINGLE 
RETURN HAS LARGE MUTUAL 
INDUCTANCE BETWEEN CIRCUITS 


@ SEPARATE AND ALTERNATE 
SIGNAL / RETURN LINES FOR 
EACH CIRCUIT REDUCES 
MUTUAL INDUCTANCE 


@ TWISTED PAIRS REDUCE 
MUTUAL INDUCTANCE STILL 
FURTHER 


3.5 


3.5 





14 OP AMP APPLICATIONS SEMINAR 


CALCULATION OF SHEET RESISTANCE AND LINEAR 
RESISTANCE FOR STANDARD COPPER PCB CONDUCTORS 





SHEET RESISTANCE CALCULATION FOR 
1 OZ. COPPER CONDUCTOR: 


9 = 1.724 X 10-6 Ocm, Y = 0.0036cm 
R=0.48-4 mQ 
X 
< = NUMBER OF SQUARES 


R = SHEET RESISTANCE OF 1 SQUARE (Z=X) 
= 0.48m Q/SQUARE 
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3.6 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


OHM'S LAW PREDICTS >1LSB OF 
ERROR DUE TO DROP IN PCB CONDUCTOR 





5cm 


SIGNAL 16-BIT ADC, 
SOURCE Ry = 5kQ 


0.25mm (10 mils) wide, 
1 oz. copper PCB trace 


Assume ground path 
resistance negligible 
ee ____ rr 
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3.7 


C4 OP AMP APPLICATIONS SEMINAR 


A MORE REALISTIC SOURCE-TO-LOAD GROUNDING SYSTEM VIEW INCLUDES 
CONSIDERATION OF THE IMPEDANCE BETWEEN G1-G2, PLUS THE EFFECT OF 
ANY NON-SIGNAL-RELATED CURRENTS 








SIGNAL 









SIGNAL 
SOURCE 





AV = VOLTAGE DIFFERENTIAL 

<< DUE _ TO SIGNAL CURRENT AND/OR —» 
EXTERNAL CURRENT FLOWING IN 

GROUND IMPEDANCE 
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3.8 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


ANY CURRENT FLOWING THROUGH 
A COMMON GROUND IMPEDANCE CAN CAUSE ERRORS 


+V 


SIGNAL 
en SIGNAL 
CURRENT . 
CIRCUIT SOURCE 


: De AY —'~\_ V 


—_ PRR wane /\\/ sen wu {YYY\ ee ee ee ee ee ee J 
With changes, 


AV = VOLTAGE DUE TO SIGNAL CURRENT PLUS this becomes 


CURRENT FROM HIGH CURRENT CIRCUIT FLOWING "star" ground 
IN COMMON GROUND IMPEDANCE 
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fi OP AMP APPLICATIONS SEMINAR 


CHARACTERISTICS OF GROUND PLANES 


@ ONE ENTIRE PCB SIDE (OR LAYER) IS A CONTINUOUS GROUNDED 
CONDUCTOR. 


@ THIS GIVES MINIMUM GROUND RESISTANCE AND INDUCTANCE, BUT 
ISN’T ALWAYS SUFFICIENT TO SOLVE ALL GROUNDING PROBLEMS. 


@ BREAKS IN GROUND PLANES CAN IMPROVE OR DEGRADE CIRCUIT 
PERFORMANCE — THERE IS NO GENERAL RULE. 


@ YEARS AGO GROUND PLANES WERE DIFFICULT TO FABRICATE. 
TODAY THEY AREN’T. 


@ MULTI-LAYER, GROUND AND VOLTAGE PLANE PCB DESIGNS ARE 
STANDARD 
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3.10 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


UNLESS CARE IS TAKEN, EVEN SMALL COMMON GROUND 
CURRENTS CAN DEGRADE PRECISION AMPLIFIER ACCURACY 


OD +5V 
ate 
AD8551 O 
Vin 
5mV FS 

| Vout 
IoupPLy R2 | 
700UA \ 1kQ Rees 

0.0102 


Ch ge AV ei ye 
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3.11 


COP AMP APPLICATIONS SEMINAR 


A DIFFERENTIAL INPUT GROUND ISOLATING AMPLIFIER ALLOWS 
HIGH TRANSMISSION ACCURACY BY REJECTING GROUND NOISE VOLTAGE BETWEEN 
SOURCE (G1) AND MEASUREMENT (G2) GROUNDS 


R5 
21.1kQ 
(AD629 only) 
poe OS aay 
| 
| EE G2 
R1 | R2 
380kQ/25KQ =, = 380k2./ 25k 
S 
CMV(V) CMR(dB) 
AD629 +270 88 
AMP03 +20 100 
AD629 / AMP03 
“& Vv DIFFERENCE O 
" AMPLIFIERS 
V 
R3 a4 OUT 
380kQ. / 25kQ 20kQ / 25kQ \ 
S e as 
G1 OUTPUT 
INPUT <<«——___—__ AV ———_____ » J, COMMON 
COMMON GROUND 
NOISE 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


A HIGH-IMPEDANCE DIFFERENTIAL INPUT ADC ALSO ALLOWS 
HIGH TRANSMISSION ACCURACY BETWEEN SOURCE AND LOAD 















SIGNAL 
SOURCE 





HIGH-Z 
DIFFERENTIAL 
INPUT ADC 


Vout 


Ground path errors 
not critical 
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3.13 


C4 OP AMP APPLICATIONS SEMINAR 


INVERTING MODE GUARD ENCLOSES ALL OP AMP INVERTING 
INPUT CONNECTIONS WITHIN A GROUNDED GUARD RING 


=; 
! \ 
2 & ® 
| | 
| 
cs) 
\ j 

ae ee 
+ INVERTING MODE GUARD: 
RING SURROUNDS ALL LEAD 


ENDS AT THE "HOT NODE" 
AND NOTHING ELSE ae 
Example application: 


Photodiode Preamps 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


NON-INVERTING MODE GUARD ENCLOSES ALL OP AMP NON-INVERTING 
INPUT CONNECTIONS WITHIN A LOW IMPEDANCE, DRIVEN GUARD RING 


NON-INVERTING MODE GUARD: 


2S SY SSS RING SURROUNDS ALL "HOT NODE" 
( LEAD ENDS - INCLUDING INPUT 


TERMINAL ON THE PCB 








_y_ LOW VALUE GAIN 
RESISTORS 


USE SHIELDING (Y) OR 

UNITY-GAIN BUFFER 
(X) IF GUARD HAS LONG 
LEAD 
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3.15 


C4 OP AMP APPLICATIONS SEMINAR 


PCB GUARD PATTERNS FOR INVERTING AND NON-INVERTING 
MODE OP AMPS USING 8 PIN MINIDIP (N) PACKAGE 





INVERTING MODE NON-INVERTING MODE 
GUARD PATTERN GUARD PATTERN 
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3.16 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


PCB GUARD PATTERNS FOR INVERTING AND NON-INVERTING 
MODE OP AMPS USING 8 PIN SOIC (R) PACKAGE 


NOTE: PINS 1, 5, & 8 ARE OPEN ON MANY “R” PACKAGED DEVICES 


GUARD 


INPUT 


GUARD 





INVERTING MODE NON-INVERTING MODE 
GUARD PATTERN GUARD PATTERN 
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f4OP AMP APPLICATIONS SEMINAR 


CAPACITANCE OF TWO PARALLEL PLATES 


| © = 0.00885 Er A 
——__— d 
d A = plate area in mm” 


d = plate separation in mm 


I E, = dielectric constant relative to air 


@ Most common PCB type uses 1.5mm 
glass-fiber epoxy material with Er = 4.7 


@ Capacity of PC track over ground plane 
is roughly 2.8pF/cm 2 


Op Amp Applications, Chapter 7 3.18 


3.18 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


CAPACITIVE COUPLING EQUIVALENT CIRCUIT MODEL 


ae 7 
ee COUPLED 





Z, = CIRCUIT IMPEDANCE 
Z2 = 1lj@C 


Z, 
VcoupLep = Yn ( 
21 +22 
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14 OP AMP APPLICATIONS SEMINAR 


AN OPERATIONAL MODEL OF A FARADAY SHIELD 


CAPACITIVE 
“4 SHIELD 
C 







Veoupten Vy 


x 


VeoupLep 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


REGULATION PRIORITIES FOR 
OP AMP POWER SUPPLY SYSTEMS 


@ High performance analog power systems use /inear 
regulators, with primary power derived from: 


®@ AC line power 
® Battery power systems 
@ DC- DC power conversion systems 


@ Switching regulators should be avoided if at all 
possible, but if not... 


® Apply noise control techniques 
® Use quality layout and grounding 


® Be aware of EMI 
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3.21 


OP AMP APPLICATIONS SEMINAR 


THE ADP330X anyCAP™ LDO ARCHITECTURE 
HAS BOTH DC AND AC PERFORMANCE ADVANTAGES 


V 
IN Vout 
Qi | 





NONINVERTING 
WIDEBAND 
DRIVER 







OUTPUT TABLE 
DEVICE Ioyr(MA) — Vour(V) 


ADP3300 50 ~~ 2.7, 3, 3.2, 3. 
ADP3301 100 2.7, 3, 3.2, 3. 
ADP3303 200 = 2.7, 3, 3.2, 3. 
ADP3335 500 1.8, 2.5, 2.85, 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


DUAL-SUPPLY LOW FREQUENCY 
RAIL BYPASS/DISTRIBUTION FILTER 






CARD 
CONNECTOR 
| TO 
INDIVIDUAL 
Tetons STAGE +V, 
INPUT # RAIL 
| \ + C1 
| 100UF/ 
) MULTIPLE o5V 
PIN 
| CONTACTS GROUND PLANE 
| 
COMMON 
(GND) 
INPUT 
TO 
be INDIVIDUAL 
STAGE -V, 
I RAIL 
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f4OP AMP APPLICATIONS SEMINAR 


A CARD-ENTRY FILTER IS USEFUL FOR LOW-MEDIUM 
FREQUENCY POWER LINE NOISE FILTERING IN ANALOG SYSTEMS 


+ L1 * 
O 








100\1H 
3-5V NOISY 3-5V CLEAN 
INPUT FROM C1 C2 OUTPUT TO 
SWITCHING 100uF/20V 1UF 300mA LOAD 
SUPPLY OR ANALOG 
DC-DC TANTALUM CERAMIC STAGE 
CONVERTER 
* Fastron 
MESC 
series or 
equivalent R14 
10 
Op Amp Applications, Chapter 7 3.24 


3.24 





HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


CAPACITOR EQUIVALENT CIRCUIT 
AND RESPONSE TO INPUT CURRENT PULSE 


peak = 1A 











INPUT 


di 1A 
CURRENT /\_ aa nae 


Equivalent f = 3.5MHz 


: 0 
ESL = 20nH di 
V = . 
ee PEAK ESL ° 
+ ESRe IpeEak = 400mV 


C = 100uF OUTPUT \ 








X_ = 0.00050 VOETAGE 


@ 3.5MHz 


Vv 
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OP AMP APPLICATIONS SEMINAR 


ELECTROLYTIC CAPACITOR 
IMPEDANCE VERSUS FREQUENCY 


C (100yF) ESL (20nH) | 
} we REGION REGION Thine 
LOG | 
[Z| 
ESR (0.2Q) 
REGION 
ESR = 0.20 es 

10kHz 1MHz 

LOG FREQUENCY 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


LOCALIZED HIGH FREQUENCY SUPPLY FILTER(S) PROVIDES OPTIMUM FILTERING 
AND DECOUPLING VIA SHORT LOW-INDUCTANCE PATH (GROUND PLANE) 







CORRECT INCORRECT 
OPTIONAL 
Pe ae FERRITE BEADS Sk 
POWER DECOUPLING POWER DECOUPLING 
SUPPLY CAPACITOR SUPPLY CAPACITOR 
TRACE 


VIAS TO 
GROUND 
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C4 OP AMP APPLICATIONS SEMINAR 


A GENERAL-PURPOSE OP AMP CM OVER-VOLTAGE PROTECTION NETWORK 
USING SCHOTTKY CLAMP DIODES WITH CURRENT LIMIT RESISTANCE 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


THE AD629 HIGH VOLTAGE IN-AMP IC OFFERS + 500V INPUT OVER-VOLTAGE 
PROTECTION, ONE-COMPONENT SIMPLICITY, AND FAIL-SAFE POWER OFF OPERATION 
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C4 OP AMP APPLICATIONS SEMINAR 


AN OP AMP INPUT STAGE WITH D1-D2 INPUT 
DIFFERENTIAL OVER-VOLTAGE PROTECTION NETWORK 


| | 
| | 
Q1A| Q1B Q2B |Q2A 
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3.30 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


THE AD620 IN-AMP INPUT INTERNALLY USES D1-D2 AND SERIES RESISTORS 
R, FOR PROTECTION (ADDITIONAL PROTECTION CAN BE ADDED EXTERNALLY) 


| 

| 5 
Rimi) 3 | 400Q 

C) 


rs {8 | 
Vin ln R. | 
| — ba : 
| ! 
| | 
oF 
@ S Q1 
Rumit) | Rs 
| 400 
| 
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f4OP AMP APPLICATIONS SEMINAR 


A GENERALIZED DIODE PROTECTION CIRCUIT FOR THE AD620 AND OTHER IN-AMPS 
USES D3-D6 FOR CM CLAMPING AND SERIES RESISTORS R, ,,,, FOR PROTECTION 


O +, 
fe | D4 
Ri mit) /\ /\ 
5000 rane 


+ 
TK 01 
| | 
Ream, AZ 02 Meh 6 “our 

5 VReF 
S 

D3 - D6 _ 
of>po = 2N3904 7 


page| 
O -V, 
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3.32 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


SINGLE-SUPPLY IN-AMPS MAY OR MAY NOT REQUIRE EXTERNAL PROTECTION IN THE 
FORM OF RESISTORS AND CLAMP DIODES — IF SO, THEY CAN BE ADDED AS SHOWN 


O +Vo 








TX TNS : 
Ruimit ! | 
Ruimit Vout | 
A A dy C 
sf | : 
TX 
: 2R2 | 
| Re 
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f4OP AMP APPLICATIONS SEMINAR 


A SUMMARY OF IN-CIRCUIT OVER-VOLTAGE POINTS 


@INPUT VOLTAGES MUST NOT EXCEED ABSOLUTE MAXIMUM RATINGS 
(Usually Specified With Respect to Supply Voltages) 
Requires Viyicy) Stay Within a Range Extending to <0.3V Beyond Raiis 
(-V,-0.3V = Vi, < +V,+0.3V) 
IC Input Stage Fault Currents Must Be Limited 
(< 5mA Unless Otherwise Specified) 
Avoid Reverse-Bias Breakdown in Input Stage Junctions! 
© Differential and Common Mode Ratings Often Differ 
#No Two Amplifiers are Exactly the Same 
@Some ICs Contain /nterna! Input Protection 
® Diode Voltage Clamps, Current Limiting Resistors (or both) 
® Absolute Maximum Ratings Must Still Be Observed 
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3.34 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


GROUND LOOPS IN SHIELDED 
TWISTED PAIR CABLE CAN CAUSE ERRORS 


pala 


Vv 


GND 1 (Vn) GND 2 


@ V, Causes Current in Shield (Usually 50/60Hz) 


@ Differential Error Voltage is Produced at Input of A2 Unless: 
@® A1 Output is Perfectly Balanced and 
® A2 Input is Perfectly Balanced and 
@ Cable is Perfectly Balanced 
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f14OP AMP APPLICATIONS SEMINAR 


HYBRID GROUNDING OF SHIELDED 
CABLE WITH PASSIVE SENSOR 











BRIDGE 
AND 
RTDS | CONDITIONING | 
me 
BRIDGE 
AND 
RTD Ss CONDITIONING 
CIRCUITS 


“HYBRID” 
GROUND C 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


IMPEDANCE-BALANCED DRIVE OF BALANCED SHIELDED CABLE AIDS NOISE- 
IMMUNITY WITH EITHER BALANCED OR SINGLE-ENDED SOURCE SIGNALS 


tt 


LITT C 
c UV 
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fi OP AMP APPLICATIONS SEMINAR 


COAXIAL CABLES CAN USE EITHER 
BALANCED OR SINGLE-ENDED RECEIVERS 








DIFF 
AMP 
> Pe 
ENDED 
AMP 
SF 2 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


SOME GENERAL OBSERVATIONS ON OP AMP AND 
IN-AMP INPUT STAGE RFI RECTIFICATION SENSITIVITY 


@BJT input devices rectify readily 

® Forward-biased B-E junction 

® Exponential I-V Transfer Characteristic 
FET input devices fess sensitive to rectifying 

® Reversed-biased p-n junction 

® Square-law I-V Transfer Characteristic 
@ Low I... ,p1y devices versus High l.,,,,,,, devices 

@ Low I. opy = Higher rectification sensitivity 
@ High I. ,p1y = Lower rectification sensitivity 
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C14 OP AMP APPLICATIONS SEMINAR 


RELATIVE SENSITIVITY COMPARISON - BJT VERSUS JFET 


@ BJT: ® JFET: 
Emitter area = 576um2 loss = 20UA (Z/L=1) 
IL =10uA Vp =2V 
V; =25.68mV @ 25°C lL =10uA 
2 2 
Aig =| X| lc. Aip =| YX) . /Dss 
Vr 4 Vp 2 
2 
_Vy? _ Vx 
264 400x10° 


@ Conclusion: BJTs ~1500 more sensitive than JFETs! 


Op Amp Applications, Chapter 7 3.40 


3.40 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 
SIMPLE EMI/RFI NOISE FILTERS FOR OP AMP CIRCUITS 


R1=2R R2=2R 


nN A 





VA Vee 
R3 
R2 
EMI FILTER BANDWIDTH = 1 
>100x SIGNAL BANDWIDTH 27RC 
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C2 OP AMP APPLICATIONS SEMINAR 


A GENERAL-PURPOSE COMMON-MODE/DIFFERENTIAL- 
MODE RC EMI/RFI FILTER FOR IN-AMPS 





R1 
O 
t me Vout 
Vin C3 A 
| R2 C2 
O ) 
C1-C2 Vv 
= + 
Torr = (R1 + R2) C1+c2* cs | 
Ton = R1°C1 = R2°C2 
Torr >> Tom 


R1°C1 = R2*C2 
R1 = R2 SHOULD BE 1% RESISTORS 
C1 = C2 SHOULD BE < 5% CAPACITORS 


1 
DIFFERENTIAL Oe ere pemeerae = 
FILTER BANDWIDTH fea nay | LeLe2 

i | c1+c2 +03 





Op Amp Applications, Chapter 7 3.42 


3.42 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


FLEXIBLE COMMON-MODE AND DIFFERENTIAL-MODE RC EMI/RFI FILTERS ARE 
USEFUL WITH THE AD620 SERIES, THE AD623, AD627, AND OTHER IN-AMPS 







500 


RF CM test 
SINEWAVE Se ata 
| 1V p-p 
! Rg 
R1 





Vout 


U1 R1/R2 C1/C2 C3 
1% S$5% 10% 
AD620/621/622 4.02k 1nF 4/7nF 


AD623 10k 1nF 22nF 
AD627 20k 1nF 22nF 
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COP AMP APPLICATIONS SEMINAR 


FOR SIMPLICITY AS WELL AS LOWEST NOISE EMI/RFI FILTER OPERATION, A 
COMMON-MODE CHOKE IS USEFUL WITH THE AD620 SERIES IN-AMP DEVICES 


500 
RF CM test 
SINEWAVE saat es DC - 20MHz 


SOURCE 


1V p-p 


Rg 





F< 
q---------------- oe 


Oo <—— 





@ COMMON MODE CHOKE: 
PULSE ENGINEERING B4001 
http://www.pulseeng.com 
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3.44 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


OP AMP AND IN-AMP OUTPUTS SHOULD BE PROTECTED AGAINST 
EMI/RFI, PARTICULARLY IF THEY DRIVE LONG CABLES 


R1 





1000 RESISTOR or 
7 © Vout FERRITE BEAD 
(or BOTH) 
R1 R2 
100Q 100 
RC “T” FILTER 
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C4 OP AMP APPLICATIONS SEMINAR 


A MICROSTRIP TRANSMISSION LINE WITH DEFINED IMPEDANCE IS FORMED BY 
A PCB TRACE OF APPROPRIATE GEOMETRY, SPACED FROM A GROUND PLANE 


TRACE 


=e >| y 
fs T 


tif 
‘ . 


, 
SELELLELELEEEELELL LLL 


GROUND PLANE a 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


A SYMMETRIC STRIPLINE TRANSMISSION LINE WITH DEFINED IMPEDANCE IS FORMED BY 
A PCB TRACE OF APPROPRIATE GEOMETRY EMBEDDED BETWEEN EQUALLY SPACED 
GROUND AND/OR POWER PLANES 


DIELECTRIC 


GROUND, lI«wr| iy 


POWER re +, 


PLANES 
\ 


EMBEDDED 
TRACE 
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1 OP AMP APPLICATIONS SEMINAR 


THE PROS AND CONS OF NOT EMBEDDING VS. THE EMBEDDING 
OF SIGNAL TRACES IN MULTI-LAYER PCB DESIGNS 








NOT EMBEDDED EMBEDDED 
Route Power 
Power Route 
Ground Route 
Route Ground 
@ Advantages 
® Signal traces shielded and protected 
® Lower impedance, thus lower emissions and crosstalk 
® Significant improvement > 50MHz 
@ Disadvantages 
® Difficult prototyping and troubleshooting 
® Decoupling may be more difficult 
® Impedance may be too low for easy matching 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


USED WISELY, SIMULATION IS A POWERFUL DESIGN TOOL 


Understand Realistic Simulation Goals 

Evaluate Available Models Accordingly 

Know the Capabilities for Each Competing Op Amp Model 
Following Simulation, Breadboarding is Always Desirable and 
Necessary 

Breadboarding / prototyping may require an actual PC board 
layout 


¢ ¢¢0¢0F 
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f4OP AMP APPLICATIONS SEMINAR 


DIFFERENTIATING THE MACROMODEL AND MICROMODEL 


rt METHODOLOGY ADVANTAGES DISADVANTAGES 
Ideal Elements Fast Simulation My Not Model All 

MACROMODEL Model Device Time, Characteristics 
Behavior Easily Modified 
Fully Characterized 
























Most Complete Slow Simulation 










os Transistor Level Model Possible, 
Circuit Convergence 
Difficulty, 


MICROMODEL 
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Non-Availabilit 


3.50 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


INPUT AND GAIN/POLE STAGES OF ADSpice MACROMODEL 


Ou Ve 
R3 R4 
C2 
+ 
C) C 
IN ‘ Vy 
é Q1 Q2 
; Ci R1 
R5 R6 
Input a 
los R2 
D 3 
©) 
INt 2 
Vos 
©) Vs 
INPUT STAGE 
GAIN = UNITY 
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R7 C3 
“ 


EREF 


OPEN LOOP POLE STAGE 
GAIN = gm, * R7 
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[1 OP AMP APPLICATIONS SEMINAR 


THE FREQUENCY SHAPING STAGES 


POSSIBLE WITHIN THE ADSpice MODEL 


C5 


C4 






POLE STAGE ZERO STAGE 
gm, * R8 = 1 , RIO _ 
ET ROTR1O. 


L1 





ZERO/POLE STAGE 
gm, * R11 = 1 


POLE/ZERO STAGE 
gm, * R13 = 1 
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3.52 


HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


GENERAL-PURPOSE MACROMODEL OUTPUT STAGE 


+V. @ 





OUTPUT IMPEDANCE = Rost Ree + SLo 
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3.53 


C14 OP AMP APPLICATIONS SEMINAR 


A PULSE RESPONSE COMPARISON OF AN OP249 FOLLOWER (LEFT) MODEL FAVORS THE 
ADSpice MODEL IN TERMS OF FIDELITY (CENTER), BUT NOT THE BOYLE (RIGHT) 


ACTUAL ADSpice MODEL BOYLE MODEL 
ann pa sane Pt 00.249 SPICE MOREL TRANSIENT (2.080 « 250F) BOLE TO-248 MONE, TRANSIENT (0.000 = 2800") 
HE Oute/Time eun. U3/E3/83 13.24.55 Temperature: 27.0 DutesTame row: LA7U89 ECT Tewperature. 27.0 
ODN pewerenmewnwenrenmpuanenarunes ree esitawnmnuameunennm nny mnrndW asa senate BOORV froeere ern mnct wen vabpwr 1 


naman nn RR ne Re HAY RR Wel ARE RIE RNa 
H 





ee Sas oo te se asahebelatataken Kalalectelatedtate theese tel ; # 4 Ata ree 
2. Sus 2.Ous i.Sus 2.dus 0.0m 
% +e wy 





VERTICAL SCALE: 50mV / div. 
HORIZONTAL SCALE: 200ns / div. LOAD = 260pF 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


TOWARDS ACHIEVING LOW NOISE OPERATION, A FIRST DESIGN STEP IS THE 
REDUCTION OF POLE/ZERO CELL IMPEDANCES TO LOW VALUES 


"Noiseless" 


159x10°F 





Op Amp Applications, Chapter 7 3.55 


3.55 


C4 OP AMP APPLICATIONS SEMINAR 


A BASIC SPICE NOISE GENERATOR IS FORMED WITH 
DIODES, RESISTORS, AND CONTROLLED SOURCES 








DN1 


| VNOISE1 \/ NOISE? 
0.61 FNOISE 


RNOISE2 
RNOISE1 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


INPUT AND GAIN STAGES OF 
CURRENT FEEDBACK OP AMP MACROMODEL 
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C2 OP AMP APPLICATIONS SEMINAR 


COMPARISON OF A REAL AD811 CURRENT FEEDBACK OP AMP (LEFT) 
WITH MACROMODEL (RIGHT) SHOWS SIMILAR CHARACTERISTICS 
AS FEEDBACK RESISTANCE IS VARIED 








8 + ee ees Ren ee ww walle we ow an He 88 we Ben Ow we nn mole 10 we On We I 0 HO oe Api we on ew awe “ 
| 3 

4 
g 
4- 
H 
cz 0 
= | 
z : 
a ae 
o | 
«8 \ 
| 
! 

4 Seine ee es fren ewmn mene a ea en (A a ade an mon ome ip 

4 2h ® OMA SO8R 20hR {Sark S045 4. O6hR 

fal « ¥OR{3) 
i Frequency 
START 4 GOO O86 O06HYZ sTror 200 O00 O66. 000Hs 
a = 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


WITH CARE AND LOW PARASITIC EFFECTS IN THE PCB LAYOUT, RESULTS OF 
LAB TESTING (CENTER) AND SIMULATION (RIGHT) CAN CONVERGE 


84502 
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OP AMP APPLICATIONS SEMINAR 


WITHOUT LOW PARASITICS, LAB TESTING RESULTS (CENTER) 
AND PARALLEL SIMULATION (RIGHT) STILL SHOW CONVERGENCE— 
WITH A POORLY DAMPED RESPONSE 





od 
ae © Se oe. See weg 
ry i : 
i i 

ie eames Seucemertd eames Wea 
ponent 
; 





(A) (B) 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


THESE CIRCUITS WERE EASY TO BREADBOARD 
(EXCEPT FOR THE 300V DC!) 























ba oe oe: ¢ a is tg Be he Seed, 
Here gs bez ax 
& & pee ast 

Teds: 





8 EAR 
Fit Ja caa.ae 
Bockgs Bey 
Bhs ey 
Ses pre 
BR 2 pee 
& Bpawee By 
Baekie Bye 
Dyecds Bex 


EES, WEEE 
RP BES OR : 


nae wed wapareteae 
ateay ter arley te 
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COP AMP APPLICATIONS SEMINAR 


SMALL PACKAGE SIZES PRESENT MAJOR 
DIFFICULTIES INBREADBOARDING 


SC-70 SOT-23 MSOP8 mSOIC 8-SOIC 14-SOIC 





0.1 in 





(ALL PACKAGES ABOVE TO SAME SCALE) 


SC-70. 





SOT-23 
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3.62 











HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


A GENERAL PURPOSE OP AMP EVALUATION BOARD ALLOWS FAST, 
EASY CONFIGURATION OF LOW FREQUENCY OP AMP CIRCUITS 
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f4OP AMP APPLICATIONS SEMINAR 


THE AD8001 EVALUATION BOARD USES A LARGE AREA GROUND 
PLANE AND MINIMAL PARASITIC CAPACITANCE (TOP VIEW) 
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HARDWARE AND HOUSEKEEPING DESIGN TECHNIQUES 


A HIGH SPEED OP AMP SUCH AS THE AD8001 REQUIRES A DEDICATED EVALUATION 
BOARD WITH SUITABLE GROUND PLANES AND DECOUPLING (BOTTOM VIEW) 
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4 OP AMP APPLICATIONS SEMINAR 


3.66 


SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


OP AMP APPLICATIONS 
SEMINAR 


. History, Basics, Design Aids, Filters 


. Specialty Amplifiers, Using Op Amps with 
Data Converters 


. Hardware and Housekeeping Design Techniques 


. Signal Amplifiers, Sensor Signal Conditioning 


4 OP AMP APPLICATIONS SEMINAR 


SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


EFFECT OF CAPACITIVE LOADING ON OP AMP STABILITY 














NOISE GAIN = 1 Rt NOISE GAIN = 1 + Be 
V 

GAIN GAIN 

(dB) (dB) 
eT: /— STABLE 
NG = 1 + — 
R1 
poses 
0. Se Se Se ee eS 0 
LOG FREQUENCY LOG FREQUENCY 
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4.1 


C44 OP AMP APPLICATIONS SEMINAR 


RAISING NOISE GAIN (DC OR AC) FOR FOLLOWER (A) 
OR INVERTER (B) STABILITY 


(A) FOLLOWER (B) INVERTER 


Vin RIN RF 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


DRIVING CAPACITIVE LOADS 





R, values 
for 30% 
overshoot 

Lt. 

a. 

a 

< 

o 

> 

ke 

OQ 

< 

a. 

< 

O 

CLOSED-LOOP GAIN 
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4.3 


1 OP AMP APPLICATIONS SEMINAR 


VIDEO TRANSMISSION LINE DRIVERS 


Rs Zo 
V . 
Rg = R,_ = Zo 
| 
KEY VIDEO SPECIFICATIONS: V 
Rg 
® Differential Gain 
! @ Differential Phase 
nada, ® Bandwidth Flatness (0.1dB) 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


AD8072/73 DUAL/TRIPLE VIDEO BUFFERS 
GAIN AND GAIN FLATNESS, G = +2, R, = 1500 





ma 
ee ae wd Oo 
0.1dB a 
z 
#3) 
0 5.8 a 
Z 5 
: Dea 
ae O mat 
z Mi 
6 9 
OQ 


FREQUENCY — MHz 


Op Amp Applications, Chapter 6 4.5 


4.5 


C4 OP AMP APPLICATIONS SEMINAR 


PULSE RESPONSE OF AD8001 DRIVING 5 FEET OF 
LOAD-ONLY TERMINATED 500 COAXIAL CABLE 


6490 





| 
PULSE , (> Sanuia 
INPUT \e | : 5ft ! 
53.62 AD8001 oe) aes 
7 V V V rv, 
| 
VERTICAL 
SCALE: 200mV/div 
SCOPE 
HORIZONTAL OUTPUT 
SCALE: 10ns/div 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


PULSE RESPONSE OF AD8001 DRIVING 5 FEET OF 
SOURCE AND LOAD TERMINATED 50Q COAXIAL CABLE 














| SCOPE 
| 
| 
50Q2 ——10pF 
| a 
| 
ws eee 
Fe Cn eee ee eee Se ola 
ae 
VERTICAL 7 
SCALE: 100mVidiv sa. 
bi ee es SCOPE 
HORIZONTAL Coe ls OUTPUT 
SCALE: 10ns/div ee | qa 
oe ie : 
CT ALLL Reamer “sem 
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C4 OP AMP APPLICATIONS SEMINAR 


PULSE RESPONSE OF AD8001 DRIVING 5 FEET OF 
SOURCE-ONLY TERMINATED 50Q COAXIAL CABLE 





ne eee 
| 
spas 6490 | SCOPE 
INPUT = \e” = ery. 5ft | 
cee AD8001 oe) © oom 
ee V V 1 
mente: ERE ee eee ETT 
VERTICAL Ree ele ee 
SCALE: 200mMVidiv | off. 
ee SCOPE 
ORION TAL ee ee a a aurbur 
Se aurea (se 
on 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


TWO APPROACHES TO DIFFERENTIAL 
LINE DRIVING AND RECEIVING 





y 
Es 
Y 


7 GNDA ~~) VNOISE GNDB ey 
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12 OP AMP APPLICATIONS SEMINAR 


DIFFERENTIAL DRIVER USING 
AN INVERTER AND A FOLLOWER 


+5V 
ViN 
: + Rta 
U1A ; 

Rin | | AD812 UN OUTA 
83.5Q (750) - 15Q 

53.6Q (500) 

XY 


2050 549Q 


Reo Repo 


Rip 
O Vouts 
715Q 
~ 75Q 
U1B 
AD812 


NOTE: DECOUPLING NOT SHOWN 


+ 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


AD8138 DIFFERENTIAL DRIVER AMPLIFIER FUNCTIONAL 
SCHEMATIC (A) AND EQUIVALENT CIRCUIT (B) 








(A) 
Vout- 
Vine Re 
O O 
vw Pe | : 
ex @ © Vocm 
0 Vout+ 
& 
Re v- 
Re 
(B) EQUIVALENT CIRCUIT: 
Vout- 
Re 
GAIN = —— 
Rg Vo 
vee y | LO Re ne 
OCM 
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fC OP AMP APPLICATIONS SEMINAR 


AD8138 OUTPUT BALANCE ERROR 
VERSUS FREQUENCY 


A 
Biiiikaeeal! itil 

A | Il 
BUI 


ARN 
Coil mitt 


10 100 1k 
FREQUENCY — MHz 


—20 











g 





h 


= 


BALANCE ERROR — dB 
i 
4) 
=e) 








: 











~70 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


THE AD8129/AD8130 
ACTIVE FEEDBACK AMPLIFIER TOPOLOGY 





" 
© Vout 
R3 
= R1||R2 
7 
R1 Feedback Forces ly=ly —.. Vy —Vyo =— (V4 — Vyo) = Vyo 
: R2 
7 Vout = c sd #2 | Vy2 
7 R2 
Vout = c sf fa | Vi = Vid 
Op Amp Applications, Chapter 6 4,13 


12 OP AMP APPLICATIONS SEMINAR 


AD8130 COMMON-MODE REJECTION VERSUS 
FREQUENCY FOR #2.5V, +5V, AND +12V SUPPLIES 














a a NY, fi 
SL att 
te AL | Lh 
: ne Zzec 
fo orem tL LE 

Agassi || I| 


-MODE REJECTION —d 
t { 
L 2 x 2g 


eae I] 
se en NLT 
120 
10k 100k 1M 10M 100M 


FREQUENCY ~— Hz 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


AD8184 4:1 VIDEO MULTIPLEXER 


INO | 4 | 
GND | 2 


IN1 > ! 
IN2 [5 > | 


GND [6 


INS 





NC = NO CONNECT 
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2 OP AMP APPLICATIONS SEMINAR 


AD8170/8174/8180/8182 BIPOLAR VIDEO MULTIPLEXERS 





AD8170 


LA 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


AD8116 16x16 200MHZ BUFFERED 
VIDEO CROSSPOINT SWITCH 


ae “ 
]— 


"_} PARALLEL LATCH 
| L—____ 


Y 
Ks 


SWITCH 
MATRIX 


OK 
VIVIN 


BREE RR 
\y 
7S 3 
BERR 


=e 
16 OUTPUTS 


ENABLE/DISABLE 
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4.17 


4 OP AMP APPLICATIONS SEMINAR 


_ SINGLE-SUPPLY AC COUPLED COMPOSITE 
VIDEO LINE DRIVER HAS AG = 0.06% AND Ao = 0.06° 


oe 
10 uF 







10 LiF 
COMPOSITE 
VIDEO 
1000uF 750 V 
47 uF + OUT 
75Q 
\7 75Q 
RBIAS OPTIMIZES pone. 
Vom = +2.2V 
+ 
= 220 UF 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


WAVEFORM DUTY CYCLE TAXES HEADROOM IN 
AC COUPLED SINGLE-SUPPLY OP AMPS 


4.0V (+) CLIPPING 
(A) 

50% 
DUTY CYCLE 
NO CLIPPING 







DUTY CYCLE 
CLIPPED 
POSITIVE 


ete aed ed a ee 4.0V (+) CLIPPING 
(C) 
HIGH 
DUTY CYCLE 
CLIPPED 2Vp.p 
NEGATIVE 
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14 OP AMP APPLICATIONS SEMINAR 


SECOND AND THIRD ORDER 
INTERMODULATION DISTORTION PRODUCTS 


(2) = SECOND ORDER IMD PRODUCTS 
ff (3) = THIRD ORDER IMD PRODUCTS 


NOTE: f, = 5MHz, fo = 6MHz 


@) (3) 


fo - f4 fo + f4 + 
@||@ atime 4" 


2f4 - fo 2fo - f4 2f4 + fo 3f2 
1 4 5 67 10 11 12 15 16 17 18 


FREQUENCY: MHz 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


INTERCEPT POINTS AND 1dB COMPRESSION POINT 


SECOND ORDER 
_jP2 INTERCEPT NN 
OUTPUT 
7 
POWER THIRD ORDER yf 
(PER TONE) IP3 INTERCEPT AX /% / 
dBm | ©... oy ee 
14B 6%, = / 


FUNDAMENTAL 
(SLOPE = 1) . 


SECOND 
ORDER IMD 


PE = 
(SLOPE = 2) ‘THIRD ORDER IMD 
(SLOPE = 3) 


INPUT POWER (PER TONE), dBm 
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f4OP AMP APPLICATIONS SEMINAR 


THIRD ORDER INTERCEPT POINT (IP3) 
VERSUS FREQUENCY FOR A LOW DISTORTION AMPLIFIER 


Ss] 
OO 
INTERCEPT (+dBm) 





FREQUENCY - MHz 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


USING IP3 TO CALCULATE THE 
THIRD-ORDER IMD PRODUCT AMPLITUDE 


+36dBm @ 5MHz, 
7, 3RD ORDER INTERCEPT 
a“ IP3 







+30 


OUTPUT *2° 
POWER ,,, 
dBm 






OUTPUT POWER = +4dBm 


/ THIRD ORDER IMD 


OUTPUT £& (SLOPE = 3) 


SLOPE = 1 \ 








-20 


-30 


-40 


-50 


60+- —~47—- + — + —- — —- — — — 3RD ORDER IMD = -60dBm 
OR -64dBc 






-70 


INPUT POWER (PER TONE), dBm 
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f4 OP AMP APPLICATIONS SEMINAR 


SPURIOUS FREE DYNAMIC RANGE (SFDR) 
IN COMMUNICATIONS SYSTEMS 


_ SINGLE TONE SFDR MULTITONE SFDR 


FS 
SIGNAL 


LEVEL 
dB 





FREQUENCY ie 


FREQUENCY 7 


WORST SPUR WORST SPUR 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


AD8011 OUTPUT NOISE ANALYSIS 


a a cre ee (G):—— > 1.8nV/VHz 
| aca a a a haa ac (G * Rg) —>0.5nV/VHz 


| | SpANHz | | anviWHz | —~-——-—-—~~~-~~~--- (G) ——> 4nV/NHz 
eee ee 
| —> 
| Lv - @ * fo. = 180MHz 
ek eee AD8011 3 G=1+ R2 
| 0.9nVAVHz |S : | ee 
Recpcienaheal e 
| 
502 
ee te eee 
1kQ 
aaa Tae | anviHz --——- (1) -——> 4nVN\Hz 
| SpANHz ! L— ———— | 
RE Serer eee ene eee ere (R2) —— > 5nV/VHz 
| anVWHz -———-—~-~-—~~— (-R2/R1) ——> 4nViVHz 
ae WI OUTPUT NOISE SPECTRAL DENSITY = 8.7nV/VHz 
MI TOTAL NOISE = 8.71.57 X 180X108 =146uV rms 
7 
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C4 OP AMP APPLICATIONS SEMINAR 


AD8011 NOISE FIGURE FOR UNTERMINATED 
AND TERMINATED INPUT CONDITIONS 


Unterminated 
—- 






= 8.7nV / VHz, 
from previous slide 


V 


no(total) 


Vno(Rs) = G& V4kTR = 1.8nV/VHz 
NF = 20 iog| £2 =| 13.7 dB 


Vno(total) ~ 8.7nV / VHz (See Note) 


Vno(Rs) = G VKTR = 0.9nV/VHz 


=2 NF = 20 1og| £2 =| 19.7 dB 


Note: Input noise current (I,,,) flows through 50Q (unterminated case) 
or 25Q (terminated case), but the overall effect of this is negligible. 


1kQ 





G 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


AD8390 FULLY DIFFERENTIAL ADSL 
CENTRAL OFFICE LINE DRIVER 


20.4dBm (ref to 100Q) 
17.55Vpp 
CF = 5.3 


1:1 Phone Line 











R2 
bar oe 2 eres 
R, R, Vin 2-k R 
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fC OP AMP APPLICATIONS SEMINAR 


AD8393 ADAPTIVE LINEAR POWER™ 





Voutp Phone Line 





Adaptive 
Linear 
Power™ 
Circuitry 






PMPP 







PMPN 





Signal 
Conditioning 







INP2 
VEE (GND) 


D2 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


AD8393 - ADAPTIVE LINEAR POWER™ DRIVER 
CIRCUIT WAVEFORMS 


Tek Run average 29 Jan 02 17:27:56 








se et nad ear ee ae: Decale a ee eee +12V 


Voutn 
Oa er ee er Se a (eras Po: Pena? St ea SE OW re oho agg GND 
Scott oer a quan anata een ee VEEP: goo sand eta se e 
Ch1 3.0¥ Ch2 3.0¥ Mi 400ns 125MS/s = 8.Ons/pt 
Ch3 3.0¥ Ch4 3.07 &Ch2 - 120 ¥ 
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f4OP AMP APPLICATIONS SEMINAR 


A HIGH EFFICIENCY VIDEO LINE DRIVER 


C) +5V 
Notes: 
+ Ct R1 = R2 = R3 = R4a = 1kQ. 
1OUF Loaded gain as shown wio R3b is 3x. 
R1 R2 For gain adjust, split and scale R3a/ 
1kQ 1kQ R3b, maintain R3a || R3b = 1kQ. 


U1 
7 AD817 bia 3 
V 6 OUT 
>. et 
4 R 


L 
75Q 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


A SIMPLE WIDEBAND NOISE GENERATOR 






C3 75Q 


10uF 


Coax line 






NON-POLAR 
ELECTROLYTIC 


C4 TYPE 75Q 
10pF 
(optional) 
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C2 OP AMP APPLICATIONS SEMINAR 


PARALLELED AMPLIFIERS DRIVE LOADS QUIETLY 


(A) (B) R2, 10kQ 
R1 R2 


Rs Vout 
VIN 


Vi 


R1 R2 


Vj 


R1 R2 


Vi 


R1 R2 





oi 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


TWO CROSS-COUPLED AND SIMILAR IN-AMP DEVICES FOLLOWED 
BY A THIRD PROVIDES MUCH INCREASED CMR WITH FREQUENCY 


je a 


Vor 


- V,, to 
a: —Q differential input ADC 
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11 OP AMP APPLICATIONS SEMINAR 


LOW NOISE, LOW DRIFT 
TWO OP AMP COMPOSITE AMPLIFIER 


R R, 
100 1kQ 





O 
OU 
! 8 : 
V a ft 
N > 100kQ } bes R1 | Vout 
100kQ 100kQ} 
° | | ! 
V7 5 | 
© ® 
U2 C1 i 
1 AD705orOP97 = 1nF 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


CHOPPER-STABILIZED 160dB GAIN, LOW VOLTAGE SINGLE-SUPPLY 
TO HIGH OUTPUT VOLTAGE COMPOSITE AMPLIFIER 


—P © 


—_» O 


T 
+/-10V 


( ) <g—__— ow 
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COP AMP APPLICATIONS SEMINAR 


VOLTAGE BOOSTED RAIL-RAIL 
OUTPUT COMPOSITE OP AMP 







+V. 


s 
+6 to +15V 3 


C 
10uF 
> * @Q1- Q3 thermally linked, 


MMDT2907A 
or paired PN2907A's 
* Q2 - Q4 thermally linked, 
MMDT2222A 
or paired PN2222A's 


D1 
1N4148 


1N4148 
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+ © 
INPUTS 


SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


BIPOLAR TRANSISTOR GAIN-BOOSTED 
INPUT COMPOSITE OP AMP 


() +15V 


R3 
1kQ 


R4 
1kQ 


470pF 
Q3 1pF 
PN2222A + 
: 
1.2V R5 
AD1580 


15kQ 
or AD589 
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C1 OP AMP APPLICATIONS SEMINAR | 


GAIN/PHASE VERSUS FREQUENCY 
FOR GAIN-BOOSTED INPUT COMPOSITE OP AMP 


BOO Tomer nr tre te en ten re ee se te en te ne nee n Re aman eee em, whe ew enema eee ne 1 
to ¥ 


(1.4925m, 148.976) 


1 
1604 


R/ + 

' 

' . 

+O 

4 

+ 

' 

t 


(251:189K, 74.599} 

120+ : ‘ : 
dB: 
or 
degrees: 
80 * 


: A 


4 
i 
1 






'(251.189K, 122.443m) 


§ F 
~o+ ¢ ; , , ; — A . 7 
.7 a . . 


1. OmHz 100mHz 10Hz 
OC Vdb (55) -Vdb(50,51) © (Vp(55)-Vp(50,51))-190 49 
Frequency 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


LOW NOISE JFET GAIN-BOOSTED 
INPUT COMPOSITE AMPLIFIER 





( ) +15V 
R1 R2 
2.5kQ. 2.5kQ 
0.1% 0.1% 
| C1 
sauces L 150pF/50V 
= 2% 

2N3904 (optional) ‘ PPS film 

-~--- 

] 

+ © ! R7 7 
22Q OUT 
INPUTS U1 
ee ee AD817 
|] + 
4 C3 
ee 100nF/50V 
(1) J1, J2 = 2SK389 150pF/50V 
matched pair (GR) 2% 
(2) Select J3, J4 for (optional) PPS film 
I, = 35-40nA with = 
R. = 100kQ 
(3) R3 trimmed for I, 
~2.5mA 
C) -15V 
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44 OP AMP APPLICATIONS SEMINAR 


"NOSTALGIA" VACUUM TUBE 
INPUTIOUTPUT COMPOSITE OP AMP 






® 
+Vs 
+150V 
V1A, V1B 
6SL7GTB 
O Vourz 
(+) O (=) Roffset = V2A, V2B 
5002 6SN7GTB 
eres CER, = 
Vin R2 
. S'S 
(OQ R10 R11 
1000 1002 
R1A O Vout 
150kQ R9 
15kQ 
5W 
-Vs 
-150V 
@ 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


TRANSFORMER INPUT MIC PREAMPLIFIER 
WITH 28 TO 50 dB GAIN 


O +48V PHANTOM POWER 











(OPTIONAL) 
6.81kQ i 
et~<“—;~—~*'S; 
| > @| Re 
Ate 100kQ 
| | 8 
ee. — 
6| 7 
MIC T1 
INPUT JT-110K-HPC 
USE FACTORY SUGGESTED 


VALUES FOR: R,,R,,C,, 


T1: JENSEN TRANSFORMERS 
VAN NUYS,CA 
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U1 = OP275 
O+Vs 
Rn 
30.1kQ 
Ch 
56pF 
C2, 150pF 
\/ 
Ci, 1000uF, — 
a6V WP's +Vg +18V 
O.1pF +)470uF 
R2b, 61.90 25V 
b - F sno F 
R2 R2a . oy 
1kQ,REVLOG -Vs | | 


GAIN -18V 


4.41 


4.41 


COP AMP APPLICATIONS SEMINAR 


TRANSFORMER COUPLED MIC PREAMPLIFIER THD+N (%) VERSUS 
FREQUENCY (Hz) FOR 35dB GAIN, OUTPUTS OF 0.5, 1, 2, AND 5Vrms INTO 600Q 


1 REE CARA: DENS TRAE DART TORT Gar; ES! SERENE (RIERA HRN DRT FANT TRUE CR LA 9 STIR MEENA NN Dee em OD) 
RR EE RS WA NR NN 


















0.010 i a ed 7 
° an 5Vs eS AR DE A BN Fe = ee 





Taman eel 
cee ae at ue iS ceeitl a 
ee bee 


100 10k 20k 





0.001 
20 


Op Amp Applications, Chapter 6 4.42 


4.42 





SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


LOW NOISE TRANSFORMER INPUT 
20 TO 50 dB GAIN MIC PREAMP 

















+48V PHANTOM 
POWER Se v ee V 
(OPTIONAL) : go py U2 = AD706JN 
6.81kQ 6.81kQ R12 
Kas KO 10K tp 
T1, JT-16A R13 as 

J1 | | (JENSEN) TP1 | 499kQ 50pF 1MQ R8 

Mic RED | YEL I 49.90 
e@ 
> @ 
ite z Ry Vout 
: : L 
allie 6 19KQ 7 4.59KQ U1 = AD797JN co 
| | WITH 
BRN ORG Ch HEATSINK 
620pF 
R7 +V5 R4 C1 
OFFSET R6 R5 4+17V 
100k0 499kQ 499kQ R3 100Q 220pF +Vo : 
10T = 102 0.1,F A470 F/ 
FILM Vg ue C7 
+ 
R2G ss R2FOsR2E_—sérRQD R2C R2B  R2A pve 
0.1F 25 
aa iy ahaa aie ae 
20-50dB -17V 
CSIC TANG VV) ai a ee > 
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14 OP AMP APPLICATIONS SEMINAR 


LOW NOISE TRANSFORMER INPUT MIC PREAMP THD+N (%) VERSUS 
FREQUENCY (Hz) FOR 35dB GAIN, OUTPUTS OF 0.5, 1, 2, AND 5Vrms INTO 6000 





PN OA LR A GN NSN NE MN NN LS 
XY [BE DRS (EEREESaaE! RM (PERT Aad HE OAS rd Oi item ae ra) De SE EO 
Le 2 6 Rapa mea Pps 1V> re se 
SE HE tae ore 
ee aS | ae ee ee ae as ee = 


ae RES ce = av =e 


A iis SaAiem Ali 


100 10k 20k 










0.001 


Op Amp Applications, Chapter 6 4.44 


4.44 


SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


AN AUDIO BALANCED TRANSMISSION SYSTEM 


DIFFERENTIAL DIFFERENTIAL 
LINE DRIVER LINE RECEIVER 
G=2 G =0.5 


5 sod | Dod 


Vasice DIFFERENTIAL = 2V,,, 
BETWEEN COMMON MODE = Vioicg 
GROUNDS A & B 


Y \e/ 





\ 
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14 OP AMP APPLICATIONS SEMINAR 


A SIMPLE LINE RECEIVER WITH 
OPTIONAL HF TRIM AND BUFFERED OUTPUT 


R, _ Rg 
R, Ry 


G= Vout Ra 
Vin Ry 


FOR 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


A CONCEPTUAL DRIVER/RECEIVER DIAGRAM OF A BALANCED 
LINE AUDIO SYSTEM WITH KEY IMPEDANCES AND CM NOISE 


Driver 





common Equivalent 
driver 
ouput 
ee tee pes ee ee I 
VNoIsE 
= | 
Equivalent 
receiver 
input 
ee: |e ae eer: 
Receiver 
common 
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14 OP AMP APPLICATIONS SEMINAR 


BALANCED LINE RECEIVER 
USING PUSH-PULL FEEDBACK 


R R 
25kQ 25kQ | 49.9Q 








RS|IRG 
5kQ 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


A BUFFERED INPUT BALANCED LINE RECEIVER 












3 UIA vs “Ys 
2.49kQ AD825 R3 - 
(see text) 8.250 | oO | 5 
O) ) 
| 
| _ V 
| OUT 
< | O O 
IN ae | 
Balanced | ; 
input | 6kQ | 
O S 
1 
ee es en Se ge ee J 
(Note 2) 100Hz CMR null 
10T FILM 
ae 5 Notes: 
2 49k Q PF 1) Use R, for gains above 0.5 (see text). 
; see text) 2) Match R,,,, to R,,, to 1% or better. 
3) Use R,,, aS optional line termination. 
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GOP AMP APPLICATIONS SEMINAR 


CM ERROR (dB) VS. FREQUENCY (Hz), FOR AD825 AND AD845 PAIRS, 
NOMINALLY 500 SOURCE IMPEDANCES MATCHED/MIS-MATCHED 10% 


10.000 
















~10.00 | 





- 30.00 
-50.00 
-70.00 


-90 00 


it 50160 4 tte 
sai 
AD845 
(2) 
-150.0 SLE VU A | 


20 100k 200k 


-110.0 


=130;9 


a a a GI, a RS 
PERG: Rance ies ee, ee ee 
[aan (amine saiee VRRP SED: ." SR SSmEr TERE (RRS Seneines) Cn 20) 
RES SLAGIRS RRRETA | CREED —— 
15 
\ zs 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


TEST CIRCUIT FOR AUDIO LINE DRIVER AMPLIFIERS 


+Vo +18V 
C1 | |: C2 
R 0.1pF | onres 
C3 z C4 


0.1,F A70,F/25V 
-V -18V 


Ss 






9090 
(SEE TEXT) 


“CABLE PLUS FIXED CAPACITANCE 
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C7 OP AMP APPLICATIONS SEMINAR 


FOLLOWER MODE R, SENSITIVITY OF OP275 BIPOLARI/JFET INPUT OP AMP- 
THD+N (%) VS. FREQUENCY (Hz), Voy; = 7Vrms, R, = 5000, V, = +18V 






0.1 





= 







iii 


0.01 0 ee ae ae 


0.001 EE 
ae eh 
Cn ne 0 ee ee ee 910Q 
2 
ae (el Sa a ee 
mee Ee eas ae ee eee 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


Vour = 7Vrms, R, = 9092, R, = 5000, V, = +13V OR +18V 


C DRIVER GROUP, THD+N (%) VS. FREQUENCY (Hz), FOR 


10k 20k 





BG a 0 a | SUS 0 Le a 
eH se 
Lae ee eee a ee a ee 
AE Ge 6 a DL 


LA 
WT TT YR 


AA a 


eC 

ES Se, re ea es a ae ee 
BSS Oe el ee en eee ee ee) eee a) a 
Linas Se Ee ae Le ee ee eee 
Lie SS a ae ee ee ee ee 
ABO A 0 ee 


LAL 
ee ee 


Cu 











100 











—_— 


fine) 
© 
[ow 


0 
0.010 
0.001 
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4 OP AMP APPLICATIONS SEMINAR 


COMPOSITE CURRENT BOOSTED LINE DRIVER TWO 





U1A U2A 
AD823 AD815, 
or AD825 AD811, L1 
Rs (see text) or AD812 4uH 
~2-3kQ R5 (see text) (aircore) 


ee al dl di 
e 





( 
t 
' 
‘ 
' 





Vin R6 
49.90. Your 
Ring 
10MQ 
Notes: 
R2 1) Use U2 = AD815 (or 2 AD811) and L, for headphone driver. 
25002 2) Use U1 = AD823, U2 = AD812 for simple realization. 
3) R, is nominal impedance of V,,, source. 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


A BASIC SINGLE-ENDED MIXED FEEDBACK 
TRANSFORMER DRIVER 


C) +13V <a 
+17 100nF 
ri (2)  R3 5002 R2 (2) L Notes: 
10kQ 20Hz THD 20kQ (1) R4 = R1/R2 * Raimany 
(see text) 107 film (see text) (2) R2/R41 = Roainary/R4 
(3) Zsource <10Q 
Pas * LUNDAHL TRANSFORMERS 
P Norrtalje, SWEDEN 
http://www.lundahl.se 
T1 
* Vour 
C) U1 7 Lundah! LL1582 +o balanced 
AD845 Z strap 3-8, 11-16 load 
vy. (3) OP275 alternate 
a (see text) 4 ' 2 
S 4 ' 
i] 
+ 6 H 1 
R5 C2 rq (1) 13 
6.65kQ C5 270uF/10V 
45Q 
1nue Oscon (see text) 
\/ + 
C) -13V 
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C4 OP AMP APPLICATIONS SEMINAR 


LUNDAHL LL1517 TRANSFORMER AND DRIVER (WITHOUT FEEDBACK), THD+N 


(%) VS. FREQUENCY (Hz), FOR Voy; = 0.5, 1, 2, 5Vrms, R, = 600Q 


Ne 


PTT TT 
HUT TT ET TTT 


HRS 
WTR ANTE 


A 


25 0 a A 0 HY Cm 0 
ee ee) eee 
0 9 a (a 2 ON a Bs | 


Na 
AEE EE EAT 


NPA 


a ee A 
05 oe es ee ea es ee 2 ee 
100 2 
GO A es 2 | ee ee 
HG 0s Yo a | 0 || 


ML TCE 








pr a El eemels.. \_ seated 





= 
ra 
a 
|_| 
al 
= 
a 
aaa 
al 
i 
mt 
=a 
PS 
Ra 
| IS, 
mat 





ras 
= 
a 
-_ 
= 
EA 
é 
re 
aay 
cS 
|| 
ial 
mf 
— 
an 

fees 
ed 
el 





0.010 
0.001 
ia 


20k 


10k 


100 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


FIG. 6-61 DRIVER WITH LUNDAHL LL2811 TRANSFORMER AND AD845, 


THD+N (%) VS. FREQUENCY (Hz), FOR V,,; = 0.5, 1, 2, 5Vrms, R, = 6002 











tes oe ee 

IO 0 0 6 

HTT T | TTT Tt TT 
Mon 
HELE TET ENT ED 
MAE TUT ETE ETT | 






| 


er ss fete ete ee i Be fe 
Pe 
A 0 
Ns ee ee ee 0 | A a 1 0G 2 ee 
ECG a ae a Fe 


ME 
WE ET ETT PTE TT 


MEL UE Te 


aE D a ee a es a ee EE 2 eee ee eee 
ASN a as 0 1 ee eee Le ee 
HER eee i ee eee 
TE ae a 1 a 


100 
TT ETT ET hE 


MYT | MATT UA aT TT 











20k 


10k 


100 
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14OP AMP APPLICATIONS SEMINAR 


LUNDAHL LL1517 TRANSFORMER WITH MIXED FEEDBACK AD8610 DRIVER, 
THD+N (%) VS. FREQUENCY (Hz) FOR VARIOUS NULL ACCURACIES 


- 








LA TN UI 


C00 
ee || 


WET TET UY PINT 


ILL 


a 69 A SA a | 
BS OD Wy ee 8 ee ee, ee 
se pe ee OP a 0 ee | Ge 
O00 Oe Oe a ee ee ae | 
Cee es = pt [oe 


os 


=o 
£25 
8 ¢ 
Ea 
2 6 
* /| 


AER 2 ie ee es ee a ee ee ee | LT 
EG Be ee ae ae a 8 
5 9 me a ay A 
0 2 ee Pail 
HET TT EE TE PTE CAAT 


1 
LI 
HT maT mivail Ht 








i 
f 
i 
i 
iY 
ill 


Best possibile null 


wo LLL 





0. 010 Be 
0.001 


20k 


10k 


100 


20 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


SENSOR RESISTANCES USED IN BRIDGE 
CIRCUITS SPAN A WIDE DYNAMIC RANGE 


@ Strain Gages 

@ Weigh-Scale Load Cells 

@ Pressure Sensors 

@ Relative Humidity 

@ Resistance Temperature Devices (RTDs) 


@ Thermistors 
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1200, 350Q, 35000 
350Q - 3500Q 
350Q - 3500Q 
100kQ - 10MQ 
1002 , 10002 


100Q - 10MQ 
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C14 OP AMP APPLICATIONS SEMINAR 


A BEAM FORCE SENSOR 
USING A STRAIN GAGE BRIDGE 





- RIGID BEAM FORCE 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


A LOAD CELL COMPRISED OF 4 STRAIN GAGES IS SHOWN IN 
PHYSICAL (TOP) AND ELECTRICAL (BOTTOM) REPRESENTATIONS 


FORCE 





+Vp 
+SENSE 


a | | OF 
-SENSE ; ey 
-Vp _ ar 
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[1 OP AMP APPLICATIONS SEMINAR 


| AANUMBER OF BRIDGE CONSIDERATIONS 
IMPACT DESIGN CHOICES 


@ Selecting Configuration (1, 2, 4 - Element Varying) 
@ Selection of Voltage or Current Excitation 
@ Stability of Excitation Voltage or Current 


@ Bridge Sensitivity: FS Output / Excitation Voltage 
imV/V to 10mV / V Typical 


@ Fullscale Bridge Outputs: 10mV - 100mV Typical 


@ Precision, Low Noise Amplification / Conditioning 


Techniques Required 
® Linearization Techniques May Be Required 


@ Remote Sensors Present Challenges 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


KELVIN SENSING SYSTEM WITH A 6-WIRE VOLTAGE-DRIVEN 
BRIDGE CONNECTION AND PRECISION OP AMPS MINIMIZES 
ERRORS DUE TO WIRE LEAD RESISTANCE 







+Vp 
+FORCE 





RLEAD ‘ 
+SENSE : \ 
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OP AMP APPLICATIONS SEMINAR 


4-WIRE CURRENT-DRIVEN BRIDGE SCHEME ALSO MINIMIZES ERRORS 
DUE TO WIRE LEAD RESISTANCES, PLUS ALLOWS SIMPLER CABLING 


VREF 






/ Rueap 3 
4-LEAD ' 


BRIDGE : 


RseEnsE 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


TYPICAL SOURCES OF OFFSET VOLTAGE 
WITHIN BRIDGE MEASUREMENT SYSTEMS 


THERMOCOUPLE VOLTAGE 
~ 35yV/ °C x (T1 - T2) \ 







T1 





Vee’ 


COPPER KOVAR 
TRACES PINS 
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C2 OP AMP APPLICATIONS SEMINAR 


AC BRIDGE EXCITATION MINIMIZES 
SYSTEM OFFSET VOLTAGES 


+Vp Eos = SUM OF ALL OFFSET ERRORS 





NORMAL 
DRIVE 
VOLTAGES 


REVERSE 
DRIVE 
VOLTAGES 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


RATIOMETRIC DC OR AC OPERATION WITH KELVIN 
SENSING CAN BE IMPLEMENTED USING THE AD7730 ADC 










BRIDGE 3 >| + Vrer 


AD7730 
+ An ADC 


“AN 24 BITS 








— VREF 





V4,2 
V34 ———l eer L__Tesar L__ 
(A) DC excitation (B) AC excitation (simplified) 
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OP AMP APPLICATIONS SEMINAR 


GENERALIZED MODEL FOR HIGH SPEED 
PHOTODIODE PREAMP 


C2 






f, = SIGNAL BW 


f,, = OP AMP UNITY 
GAIN BW PRODUCT 


1 











Total Input f, = 
Capacitance 2m R2 C1 
_ 1 
f= On R2 C2 
GAIN OPEN LOOP 
/ GAIN f, =\/ f,° f, 





/” UNCOMPENSATED 
' oe C2 _ C1 
Pa “V 2nR2f, 


<--——- COMPENSATED 
! FOR 45° PHASE MARGIN 
f 


red fe ce san ad Nad ee > = Ue 
1 : f fo=\/ on R2C1 


f, f 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


PHOTODIODE PREAMP USING THE AD8065 


C, = 4pF, C,, = 6.6pF 
C1=C,+C, 


AX 


C1= 10.6pF 
—10V > 
D2 
33.2kKQ 
C3 = 0.75pF sgie 
33.2kQ 
7 
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33.2kO 


C2 = 0.75pF 


33.2kQ  33.2kQ 


+12V 


AD8065 


7 f,, = 65MHz 
D1,D2: IF-D91 







260u,V RMS, 10MHz 
200uV RMS, 4MHz 


Output Noise: 
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COP AMP APPLICATIONS SEMINAR 


PHOTODIODE PREAMP USING THE AD8033 


C2 = 0.57pF 


Cy = 4pF, Cy, = 4pF 
C1=C,+Ch 33.2kQ  33.2kQ 33.2kQ 







f, = 40MHz 


D1,D2: IF-D91 
—12V 





C3 = 0.57pF 33.2kQ —'|_ Bandwidth: 


2.8MHz | 


Output Noise: 325uV RMS, 10MHz 
33.2kQ 250uV RMS, 7MHz 
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SIGNAL AMPLIFIERS, SENSOR SIGNAL CONDITIONING 


PHOTODIODE PREAMP USING THE AD8067 


Cp = 4pF, Ci, = 4pF 


C2 = 0.35pF 





C1=C,+Cn 33.2kQ 33.2kQ 33.2kQ 
+12V 
AX 
C1 = 8pF AD8067 @ 
—10V 
i f,, = 350MHz 
D2 D1,D2: IF-D91 
33.2kQ —12V 
Poesy 33.2kQ ‘| Bandwidth: 7MHz | 
Output Noise: 725yuV RMS, 21MHz 
33.2kO 550uV RMS, 10MHz 
eA 
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OP AMP APPLICATIONS SEMINAR 


COMPARISON OF OP AMPS FOR 
PHOTODIODE PREAMPS 


Unity GBW | Input Capacitance; f,/C,, lb Vy@10kHz 
f,, MHz C,, PF MHz/pF pA nV/VHz 
a 
AD8067 350 4 87 2 7 
G > 9 Stable 
* Ideal low frequency precision preamps for large 
area photodiodes operated in photovoltaic mode 
(zero volt bias) 
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Precision Single Supply Amps Selection Guide 








Supply Voltage | Rail-to-Rail GBP Isy Packages* | Pricet 








Communications 
8542 


AD 8565 8566 


8544 
8567 


+2.7 +5 


+4.5 +16 


x< 


O 
oO 
Oo 
pi 
—> 


0.055 








| 3542 | a54a | 42.7 | ae ee ee ee ee ee ee 
AD | ascs | ase7 | +4.5 | Pex fo «x foo4 foes Pe ee 
aD | esst_ | assz_ | asaa Pvn7 oes fx Pe ft Px ee 
CS ee ee ee ee 
CC SC Se ee ce 
ap | ac0s_ =| esos | acos voz? +s fT x | x | ow foo fe fx fe 
ssm | zat |e Pts Ee ss 
back to top 
| Pax fax | ax [min] om (MHz) (UV) (nA) | (nVNHz) | (Vis) | 1k 





industrial 





705 706 704 
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fT 
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PART NUMBER Ayia VOLTAGE 


eee DUALS © | TRIPLES | _QUADS | DISABLE 


HIGH SPEED AMPLIFIER SELECTION GUIDE | ANALOG 
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'Spurious Free Dynamic Range — Distortion @ Worst Harmonic *THD - Total Harmonic Distortion *Product Under Development 





. For more information on ADI High-Speed Amps visit our website at www.analog.com/highspeedamps 
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In-Amps Selection Guide 
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Single Supply In-Amps 
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ommon-Mode Voltage Range 


66 Excellent for 
2 +1.2 to +6 Dual 500 ral 
AD626 es f=1 
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AD8200 1 +4.7 to +12 Resistor 50 na 1000 15 na 1 (typ) 0.1 to 50 1 $1.50 Difference 
WP Amplifier 


in-Amps For New Designs 
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High Accuracy In-Amps 
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Please note: an HTML version of this Selection Guide is available at btto:/Awww_ analog com/technology/amolifiers| inear/designTools/selectionGuides/inamp htm 
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